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ABSTRACT
The Protective Effect of Antioxidants on Vitamin A Stability
in Nonfat Dry Milk During Thermally
Accelerated Storage
Amalie B. Kurzer
Department of Nutrition, Dietetics and Food Science, BYU
Master of Science
Two studies were conducted to determine the relative effect of various combinations of
antioxidants on vitamin A oxidation and isomerization in nonfat dry milk (NDM). In the first
study, one lot of pasteurized unfortified skim milk was divided, fortified with vitamins A and D
and one of 11 antioxidant treatments, and spray dried. A control batch from the same lot was also
fortified with vitamins A and D and spray dried. Samples were analyzed for total vitamin A
bioactivity after zero, one, and two weeks of storage. After two weeks at 50 °C, the only NDM
samples that did not experience significant vitamin A loss were those treated with butylated
hydroxytoluene, either alone at 0.57 ppm or at 0.29 ppm in combination with 250 ppm ascorbic
acid. The control sample was significantly different from both of these treatments, and retained
only 17% of its original retinol activity equivalents. Isomer composition changed over the two
weeks of storage, with an increase of the 13-cis, 9,13-di-cis and the 9-cis isomers as well as a
decrease in the all-trans isomer.
In the second study, two lots of pasteurized, vitamin A & D fortified, condensed skim
milk were divided into four batches, three of which were spiked with an antioxidant treatment:
250 ppm ascorbic acid + 1 ppm propyl gallate, 250 ppm ascorbic acid + 1 ppm butylated
hydroxyanisole, or 2 ppm propyl gallate; the fourth batch was a control. Each of the eight
batches was homogenized, spray dried and stored in the absence of light at 30 °C for 3 months.
Vitamin A and riboflavin were analyzed before spray drying, and after 0, 1, 2, 4, 6, 8, 10, and 12
weeks. Two treatments had significant higher vitamin A than the control, the 250 ppm ascorbic
acid + 1 ppm butylated hydroxyanisole treatment and the 2 ppm propyl gallate treatment.
Limited vitamin A degradation occurred in all samples during the study timeframe, although the
overall degree of retinol isomerization began and remained high in all samples, with cis isomers
accounting for approximately 23% of the total μg of retinol after 12 weeks. There were no
significant differences in riboflavin content between any of the antioxidant treatments and no
significant degradation in riboflavin over time.
Antioxidants appear to be an effective means of reducing vitamin A oxidation and
isomerization in nonfat dry milk. Butylated hydroxytoluene in combination with ascorbic acid
was the most effective antioxidant blend observed. Antioxidants may be less effective at
protecting against degradation of vitamin A if isomerization has already taken place.
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LITERATURE REVIEW
SUMMARY
Nonfat dry milk (NDM) is an important commodity in long-term food storage and food
aid not only as a good source of protein and calcium, but also as a good source of the fat-soluble
vitamins A and D when fortified. While vitamin A and D fortification are optional, NDM labeled
as being fortified with vitamins A and D must contain at least 2000 International Units (IU)
vitamin A and 400 IU vitamin D per quart (~6.8 μg/g powder) when reconstituted according to
label directions (FDA, 2012a). Vitamin A undergoes significant degradation in as few as 6
months when added to low lipid products such as nonfat dry milk, however (Woollard and
Edmiston, 1983). While the trends of vitamin A degradation in NDM have been studied over
periods up to two years (Woollard and Edmiston, 1983; Deboer et al., 1984; Deman et al., 1986),
no studies have estimated the shelf life or rate of degradation of vitamin A during long-term
storage.
Vitamin A in the form of retinyl palmitate has also been shown to undergo significant
isomerization from the all-trans isomer to both 9-cis and the 13-cis isomers as an effect of heat
treatments, such as would occur during spray-drying (Schwartz, 1987), with each isomer
displaying 73% and 19% of all-trans-retinyl palmitate bioactivity (Weiser and Somorjai,
1992).Vitamin A oxidation may also have a negative impact on NDM acceptance over time, as
studies have associated vitamin A oxidation products with hay-like flavor (Suyama et al., 1983).
The addition of antioxidants may significantly increase retention of vitamin A bioactivity.
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NONFAT DRY MILK & VITAMIN A STABILITY
Nonfat Dry Milk vs Whole Milk Powder
Nonfat dry milk (NDM) is currently the main form of milk powder available in the
United States, accounting for approximately 97% of all US milk powder produced in 2012
(USDA FAS, 2012). However, NDM has not always held such dominance in the market; from
market years 1983 to 1988, more whole milk powder (WMP) was produced than NDM
(USDA FAS, 2012).
While NDM offers many advantages over WMP, such as a longer sensory shelf life and
higher protein content (Lloyd et al., 2004b; Lloyd et al., 2009), one of its disadvantages is
decreased vitamin A stability (Woollard and Edmiston, 1983; Deboer et al., 1984; Deman et al.,
1986). In WMP, milk fat present in the powder both shields against and dilutes oxidants,
inhibiting the oxidation of components like cholesterol and fat-soluble vitamins (Manzi and
Pizzoferrato, 2010). In NDM, this fat protection is not present.

Effect of Heat Treatments on Milk
Short heat treatments, such as those that occur during the spray drying of milk powder,
may deplete the natural antioxidant properties of milk, potentially making vitamins more
susceptible to oxidation during the course of storage (Calligaris et al., 2004). Conversely, other
research has indicated that high heat treatments may induce antioxidant properties in the milk
due to generation of phenolic compounds during Maillard browning (Weckel and Etzer, 1954;
Morales and Jimenez-Perez, 2001). As the color of browning is reportedly not related to the free
radical scavenging properties of Maillard reaction products (Morales and Jimenez-Perez, 2001),
milk powder may still have free radical scavenging properties even with a light color.
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Vitamin A in Milk
Thompson and Erdody (1974) found that synthetically-added vitamin A is generally less
stable than the native vitamin in milk. Many studies have also documented synthetic Vitamin A’s
high susceptibility to destruction by light (Thompson and Erdody, 1974; Murphy et al., 1988;
Carlotti et al., 2002). There is also evidence suggesting that retinyl palmitate, the most common
ester of retinol used in dairy product fortification, is more susceptible to photolysis than retinol,
although it has improved stability to air oxidation (Ihara et al., 1999).
In storage, retinoids and retinyl esters such as retinyl undergo degradation through either
direct peroxidation or by the indirect action of free radicals produced during oxidation of fatty
acids. Loss of vitamin A is due to either autooxidation or geometric isomerization, with most
reactions in retinol or retinyl esters occurring within the isoprenoid side chain at C14 or C15
(Gregory, 2008). The structure of retinol is shown in Figure 1. Autooxidation can largely be
reduced by the same measures that help prevent lipid oxidation in other foods: exclusion of
oxygen, reduction in temperature, avoidance of light and metals, and addition of antioxidants.

Figure 1: Structure of all-trans retinol
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Vitamin A in NDM
While fairly extensive research has been done on the long-term flavor stability of nonfat
milk powder (Henry et al., 1948; Mercurio and Tadjalli, 1979; Lloyd et al., 2004b), little
research addressed the long-term stability of vitamin A in NDM. Henry et al. (1948) analyzed
many chemical changes that occurred in NDM over the course of 2 years such as pH, soluble
lactose, oxygen absorption, and equilibrium relative humidity, but did not analyze vitamin
content. Mercurio and Tadjalli (1979) evaluated some nutritive properties of 20 year-old NDM,
but did not measure vitamin A.
Studies that have reported the vitamin A content of milk powder have had conflicting
results and have been relatively short in duration. Woollard and Edmiston (1983) showed almost
complete destruction of vitamin A palmitate after 6 months in NDM held at ambient
temperatures. This effect can also be seen in fortified corn flakes where retinyl palmitate was
added alone in corn oil to corn flakes (Kim et al., 2000). Kim et al. (2000) reported, however,
that corn flakes fortified with a complete vitamin mixture including vitamins B1, B6, B12, C,
and D experienced significantly less degradation. This indicates that the presence of other
vitamins may have a beneficial effect on vitamin A stability.
Other studies, such as one by deBoer et al. (1984) also show significant, albeit less
extreme losses of vitamin A palmitate in NDM. In deBoer et al. (1984), samples kept in the dark
in the presence of oxygen at temperatures of 21-32 °C lost 20 to 38% of their vitamin A content
over the course of the 16-week study, with most of the losses occurring in the first 10 weeks.
Comparatively, samples in this same study held under the same conditions and exposed to light
lost as much as 70% of their vitamin A. One unusual trend was observed in this study—by the
end of the 16 weeks samples actually began to increase in vitamin A content following a
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parabolic curve. A similar trends has been observed in Nakai et al. (1983), but no explanation
was offered.
Packaging and Vitamin A in NDM. Various strategies have been employed to preserve
vitamin A. Utilizing beadlets to encapsulate vitamin A is more effective in retention than
incorporation of the vitamin directly into the balance tank, but the beadlets are not resistant to the
instantizing process (Deman et al., 1986). Different types of packaging have also been explored
with preservation of milk powder, but vitamin A retention has never been the focus (Shakeel-UrRehman et al., 2003; van Aardt et al., 2004; 2007; Lloyd et al., 2009). Active packaging
(packaging that has functional properties) such as antioxidant-embedded films reduce oxidized
fat flavors (Granda-Restrepo et al., 2009b) and, in whole milk powder, can transfer a significant
amount of antioxidants like butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA)
and α-tocopherol (Granda-Restrepo et al., 2009a) to the product they contain.
Challenges. One of the reasons that vitamin A loss in NDM has been difficult to quantify
is the inconsistency in initial fortification as well as inaccurate labeling practice, as seen by
Lloyd et al. (2004a). In a market survey, Nakai et al. (1983) observed that only 27% of NDM
samples met the minimum labeling requirement for vitamin A, but it is unclear from the results
whether this is due to labeling errors or vitamin A degradation. This is supported by Murphy et
al. (2008) who found that slightly less than half of fortified fluid milk samples in New York had
vitamin A levels within the acceptable range, with most samples being underfortified. As this
inconsistency in fortification levels continues into dried milk, follow-up studies on vitamin A
levels in fortified NDM are difficult and make controlled experiments the only clear option for
gaining data about vitamin A degradation rates. An understanding of vitamin A loss rates is
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crucial in estimating the nutritional value of stored NDM—if significant degradation occurs in
combination with underfortification, there may be little left after long term storage.
Studies of vitamin A stability during storage have been inconsistent in their estimates of
loss rates (Woollard and Edmiston, 1983; Deboer et al., 1984; Kim et al., 2000; Frias et al.,
2009). It has been reported that retinyl palmitate may degrade and isomerize in a curvilinear way
(Mulry, 1983), indicating that error may be introduced if sample frequency is not high enough. A
potential relationship between fortification and rate of isomerization and degradation has also
been reported, providing another explanation for variability observed (Mulry, 1983). As
observed by Panfili et al. (2008) however, some of the conflicts seen in past research may be due
to error in sample preparation and due to inclusion or exclusion of isomers in measurements.
Storage Conditions. NDM is best stored under oxygen free conditions, such as under a
vacuum or nitrogen (Driscoll et al., 1985; Lloyd et al., 2009), but is usually stored in the
presence of oxygen in either foil-wrapped cardboard boxes, or in Kraft paper bags. Conditions
best allowing for vitamin A retention in NDM have not been extensively studied, but are likely
similar to those for stored oils (Gregory, 2008). One exception is that frozen storage may not be
a good way to create long-term control groups with fluid dairy products containing vitamin A
over long-term storage. There is some indication that vitamin A and natural antioxidants present
in milk may experience degradation during frozen storage lasting longer than 3 months when
part of a fluid milk product such as UHT milk (Vidalvalverde et al., 1992; 1993). High storage
temperatures are more likely to result in vitamin A loss, however (Ball, 2006), especially as
higher temperatures and water activities both have been reported to decrease retinol stability in
nonfat dry milk (Vidalvalverde et al., 1992). Current research suggests then that optimal storage
conditions for nonfat dry milk for the retention of vitamin A are dark, dry, cool, and lack oxygen.
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Vitamin A Oxidation Products. Vitamin A fortification can result in a hay-like flavor in
NDM due to vitamin A oxidation, as a result of the production of aldehydes and ketones (Nakai
et al., 1983; Suyama et al., 1983). Factors associated with the degree of the development of this
flavor in NDM include exposure of skim milk to sunlight, exposure of skim milk to fluorescent
light, increased copper content of skim milk, ascorbic acid content of the skim milk, and the
presence or absence of antioxidants such as BHA or nordihydroguaiaretic acid (NDGA) (Weckel
and Etzer, 1954). In this study Weckel and Etzer (1954), BHA at 0.1 ppm was identified as being
effective in preventing the development of hay-like flavor for up to 192 hours in fluid low-fat
milk exposed to a sunlight treatment and subsequently stored refrigerated in the dark.
Fortification’s effect on acceptance. One of the best studies looking at the effect of
vitamin A and D fortification on consumer acceptance is Thomas et al. (1965). They found that
other factors contributing to off-flavors were more likely to overshadow the hay flavor from
vitamin A deterioration. This study was not completed under oxygen free conditions, however,
and it may be that once other degradation factors related to oxygen are controlled or once the
sample has undergone long term storage, there may be a significant effect of vitamin A on
acceptance. This study also had a significant amount of variance within sample sets, with vitamin
A retention ranging from 68-95% and 76-99% for instant nonfat dry milk held at 38°C and 21°C
respectively. These retention values also indicate higher levels of retention than in other studies
held in similar temperature ranges (Woollard and Edmiston, 1983; Deboer et al., 1984; Deman et
al., 1986). With increased vitamin A oxidation, the hay flavor may become more prominent; no
evaluations of the sensory properties of milk powders with high vitamin A oxidation have been
conducted, however.
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Isomerization. Vitamin A in the form of retinyl palmitate has been shown to undergo
significant isomerization from the all-trans isomer to both 13-cis and the 9-cis isomers after heat
treatments (Schwartz, 1987). Both 13-cis and 9-cis isomers have decreased biopotency, 75% and
26% of all-trans-retinyl palmitate bioactivity, respectively (Ames et al., 1960; Sivell et al.,
1984), although these values have more recently been reported as being even lower, at 73% and
19%, respectively (Weiser and Somorjai, 1992). The 9,13-di-cis isomer is reported as being even
lower, with a retention of only 16% of all-trans retinyl palmitate (Weiser and Somorjai, 1992),
although it is typically generated in lower quantities. Isomerization to 13-cis also occurs in fluid
milk as a result of microbes such as Streptococcus thermophilus (Panfili et al., 2008).
Isomerized vitamin A is not necessarily limited to a small proportion of the total amount
present, either. Woollard and Indyk (1986) found that isomerization can affect a significant
proportion of vitamin A in NDM, with the 13-cis isomer constituting 20% of total remaining
retinyl palmitate after 3 months at 45 °C. This study also concluded that the worst incidences of
error in estimating vitamin A activity most likely occur during storage studies due to the increase
in both relative and absolute concentrations of cis-isomers over time. As a result, previous
storage studies of NDM, such as Cox et al. (1957), that did not account for isomerization likely
overestimated the true amount of remaining vitamin A activity. To date, there have been no
further storage studies measuring vitamin A activity losses in NDM resulting from isomerization.
One study of note regarding isomerization is by Steuerle (1985). Steuerle (1985) reported
that saponification may cause isomerization during vitamin A extraction. The prevalence of the
use of saponification in vitamin A isomer analysis, even in AOAC International methods like
992.04 (AOAC, 2012), demonstrates that antioxidants such as BHT and pyrogallaol currently
used may be sufficient to prevent appreciable amounts of isomerization from occurring.
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ANTIOXIDANTS
Antioxidant addition is considered to be a viable, although not as recently researched,
method of protecting retinoids in foods (Loveday and Singh, 2008). Antioxidant addition has
been shown to have beneficial effects in preventing oxidation in milk powder (Granda-Restrepo
et al., 2009b), improving milk heat stability (O'Connell and Fox, 1999), and preventing
degradation of vitamin A (Cox et al., 1957). Antioxidants have also proved to be effective in the
reduction of light-induced flavor in milk (van Aardt et al., 2005b). In general, antioxidants such
as NDGA, ascorbic acid, or α-tocopherol have largely been studied for their sensory-related
benefits in milk and milk products (Busch et al., 1952; Cox et al., 1957; van Aardt et al., 2005b;
van Aardt et al., 2007), but little has been done to study the effects of antioxidant addition on
vitamin A stability in NDM.
Some research has been done on the packaging transfer and oxidative protection afforded
by BHA, BHT and α-tocopherol loaded packaging films in milk powders (van Aardt et al., 2007;
Granda-Restrepo et al., 2009a). Addition of synthetic antioxidants such as BHT has been shown
to decrease vitamin A oxidation, inhibit the development of rancidity in dairy products, and
improve physico-chemical attributes (Granda-Restrepo et al., 2009a; Kumar and Rai, 2010). Few
recent studies have focused on direct incorporation, however.

NDGA
Direct incorporation of antioxidants into milk powder is not a new idea. The first
antioxidant researched in connection with milk powder was NDGA in the 1950’s. Multiple
studies found decreased levels of vitamin A oxidation products with NDGA addition (Busch et
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al., 1952; Cox et al., 1957), but NDGA was later banned in foods by the FDA (FDA, 2012d).
Due to its prohibited status, there is little interest future in NDGA research.

BHA, BHT & TBHQ
As an alternative to NDGA, BHA has also been shown to reduce vitamin A oxidation
products in low-fat fluid milk, and at a lower concentration (Weckel and Etzer, 1954). BHA is
also currently the only synthetic antioxidant approved for use by the FDA in powdered beverage
mixes at up to 2 ppm of the reconstituted weight.
Other antioxidants such as BHT have also demonstrated beneficial effects in relation to
retinyl palmitate preservation, but have never been studied in NDM due to lack of FDA
approval. In a non-food matrix, BHT has been reported to make vitamin A more stable to UVA
and UVB light oxidation (Carlotti et al., 2002; Carlotti et al., 2004). BHT is also currently used
to preserve vitamin A in an AOAC approved method for retinyl palmitate analysis (992.04),
demonstrating its potential, at least on an analytical basis (AOAC, 2012).
Kim et al. (2009), however, found that tertiary butylhydroquinone (TBHQ) had the
strongest protective effect against photosensitized oxidation of vitamin A, even when compared
against BHT and BHA. BHA and BHT have also shown beneficial effects in protecting against
formation of light-induced aromatic oxidation compounds in the milk matrix. In a study by van
Aardt et al. (2005a), BHA and BHT decreased pentanal and hexanal odors, although they did not
prevent formation of heptanal and 1-heptanol.
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Propyl Gallate
Min et al. (1990) reported that in low fat dry milk, propyl gallate improved oxidative
stability significantly more than either BHA or TBHQ, although a more recent study reported
that TBHQ has a higher antioxidant potential than propyl gallate (Criado et al., 2012). Propyl
gallate is also unstable to heat, limiting its use at high temperatures (O'Brien, 2010). It has also
been observed that propyl gallate’s effectiveness is limited when in an emulsion (Schwarz et al.,
2000), and in some emulsions, propyl gallate has been observed to have a detrimental effect on
lipid oxidation (Jacobsen et al., 1999). In bulk vitamin-rich oils, however, propyl gallate is more
effective than BHA or BHT at preventing primary and secondary lipid oxidation at the same 200
ppm concentration (de Abreu et al., 2011).

Alpha-tocopherol and Ascorbic Acid
There is evidence that α-tocopherol has an antioxidant effect in “milk-like” emulsions,
helping to decrease radical and peroxide development (Skibsted et al., 2005). In the study by van
Aardt et al. (2005a), the addition of α-tocopherol and ascorbyl palmitate to light-exposed milk
decreased the formation of pentanal and heptanol odors, even though they were less effective
against hexanal and heptanal formation. Treatments involving the addition of 0.025% ascorbic
acid in combination with 0.025% α-tocopherol have also been shown to be effective at
preventing light-oxidized flavor in fluid milk (van Aardt et al., 2005b). Ihara et al. (1999) found
α-tocopherol was effective in preventing oxidation of retinoids in oil in the dark, but found that
ascorbic acid was not. According to a study by Smith and Berge (1997) however, neither αtocopherol nor ascorbyl palmitate decreased the rate of light-induced loss of vitamin A in fluid
milk.
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Antioxidants and Isomerization
Ascorbic acid has been shown to decrease the formation of the 13-cis-isomer and the loss
of the all-trans-isomer during light exposure in skim milk, but has been shown to increase
formation of the 9-cis-isomer (Jung et al., 1998). If other antioxidants could be identified that
reduce formation of the 9-cis-isomer, it may be possible to use those antioxidants in combination
with ascorbic acid to provide the maximum benefit. BHT and BHA have been shown to have
synergism when used together (Omura, 1995), making their use in milk powder appealing.
However, antioxidants such as citric acid and ascorbic acid may not display their synergism in
milk powder until as late as 9 months of storage at 85° F (Busch et al., 1952). As a result of this
time delay, it seems reasonable to compare the abilities of combinations of commonly used
antioxidants to preserve vitamin A in an accelerated storage test.
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SUMMARY
The objective of this study was to determine the relative effect of various combinations of
antioxidants on vitamin A oxidation and isomerization in nonfat dry milk (NDM) under
accelerated storage conditions. HPLC was used to measure all-trans, 13-cis, 9-cis and 9, 13-dicis retinol isomers present in antioxidant-treated nonfat dry milk samples before and after two
weeks of 50 °C storage. One lot of pasteurized, unfortified skim milk was divided, fortified with
vitamins A and D as well as one of 11 antioxidant treatments, and spray dried. A control batch
from the same lot was also fortified with vitamins A and D and spray dried. Samples were
analyzed for total vitamin A bioactivity after zero, one, and two weeks of storage.
After two weeks 50 °C, the only NDM samples that did not experience significant
vitamin A loss were those treated with BHT, either alone at 0.57 ppm or at 0.29 ppm in
combination with 250 ppm ascorbic acid. These two treatments retained 68.35% and 79.21% and
of their original retinol activity equivalents, respectively. The control sample was significantly
different from both of these treatments, as it retained only 17% of its original vitamin A activity.
Isomer composition changed over the two weeks of storage in all samples, with a general
increase of the 13-cis, 9,13-di-cis and the 9-cis isomers as well as a decrease in the all-trans
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isomer. The change in isomer composition may be antioxidant dependent, inasmuch as
antioxidants that yielded the highest retention of vitamin A generally also yielded the lowest
degree of isomerization.

Keywords: retinyl palmitate, isomerization, nonfat dry milk, antioxidant
Running head: Antioxidants and vitamin A in nonfat dry milk

INTRODUCTION
Nonfat dry milk (NDM) is currently the main form of milk powder available in the
United States, accounting for approximately 97% of all US milk powder produced in 2012
(USDA FAS, 2012). NDM has not always held such dominance in the market, however; during
market years 1983 to 1988, more whole milk powder (WMP) was produced than NDM
(USDA FAS, 2012).
While NDM offers many advantages over WMP, such as a longer sensory shelf life and
higher protein content (Lloyd et al., 2004b; Lloyd et al., 2009), one of its disadvantages is
decreased vitamin A stability (Woollard and Edmiston, 1983; Deboer et al., 1984; Deman et al.,
1986). In WMP, milk fat present in the powder both shields against and dilutes oxidants,
inhibiting the oxidation of components like cholesterol and fat-soluble vitamins (Manzi and
Pizzoferrato, 2010). In NDM, this fat protection is not present, and vitamin A losses up to 94%
over 6 months have been reported during storage (Woollard and Edmiston, 1983; Deboer et al.,
1984).
Heating of fluid milk, such as might occur during the preheating and spray drying of milk
powder, depletes the natural antioxidant properties of milk (Calligaris et al., 2004). As a result,
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vitamins may be less stable during storage. Additionally, as an effect of exposure to heat,
ultraviolet light or visible light, retinyl palmitate isomerizes from the most biologically active alltrans form, to various cis isomers including 9-cis, 9,13-di-cis and 13-cis (Schwartz, 1987;
Murphy et al., 1988; Weiser and Somorjai, 1992); these isomers have lower bioactivity, with
19%, 21%, and 73% of all-trans bioactivity, respectively (Sivell et al., 1984; Weiser and
Somorjai, 1992). The amount of the 13-cis isomer that is formed has been correlated to the time
and temperature of pasteurization (Panfili et al., 1998), demonstrating the relationship between
heat and isomerization.
While vitamin A is frequently quantified using reverse-phase HPLC, this technique does
not allow separation of the cis isomers and likely overestimates vitamin A activity (Woollard and
Indyk, 1986; Panfili et al., 2008). These errors in estimation are amplified in stored products
where the proportion of cis isomers is higher (Woollard and Indyk, 1986). Using normal phase
HPLC, cis isomers can be differentiated and vitamin A degradation can be more accurately
estimated (Brinkmann et al., 1995).
Antioxidant addition is considered to be a viable method of protecting retinoids in foods
(Loveday and Singh, 2008), but little data exist on its effect in dry dairy products. In fluid milk
subject to light isomerization, ascorbic acid inhibits oxidation of all-trans and 13-cis retinyl
palmitate (Jung et al., 1998). In low-fat milk powder, butylated hydroxyanisole (BHA) has also
been shown to reduce vitamin A oxidation products (Weckel and Etzer, 1954); other available
antioxidants such as butylated hydroxytoluene (BHT), tertiary-butylhydroquinone (TBHQ), and
propyl gallate have also demonstrated beneficial properties (Min et al., 1990; Carlotti et al.,
2004; Kim et al., 2009). While no data exist on the effect of α-tocopherol alone, it has been
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shown that ascorbic acid and α-tocopherol in combination at 0.05% (500 ppm) in fluid milk
protect against light-oxidized flavor in fluid milk (van Aardt et al., 2005b).
The objective of this study was to determine the relative effect of different antioxidant
combinations on retinyl palmitate oxidation and isomerization in nonfat dry milk before and after
thermally accelerated storage. It was hypothesized that the addition of antioxidants would inhibit
oxidation and isomerization of vitamin A, leading to greater overall retention of bioactivity.

MATERIALS AND METHODS
Materials
One lot of pasteurized, unfortified fluid skim milk was obtained from Deseret Dairy (Salt
Lake City, UT) and stored covered in the dark at 1˚C in 4-gallon high-density polyethylene
(HDPE) buckets. All preparation and drying of samples occurred within one week of receipt.
Food grade retinyl palmitate (>1.7 MIU/g), cholecalciferol (1.0-1.3 MIU/g), L-ascorbic acid fine
powder (>99%), and dl-α-tocopherol (>97%) were obtained from Royal DSM (Parsippany, NJ).
All vitamins from the supplier were stored sealed in a dark, dry location at ambient temperature
or at 1 °C. Fluid solutions containing approximately 20% wt/wt of BHT, BHA, propyl gallate,
and 28% wt/wt TBHQ were supplied by Kemin Industries (Des Moines, IA) and stored in the
dark at ambient temperature. The propyl gallate solution also contained 1% citric acid.
An external standard was prepared (1 μg/mL) from all-trans-retinol acquired from
Sigma-Aldrich (St. Louis, MO) with 1% isopropanol in hexane as the solvent. Since standards of
9-cis, 13-cis and 9,13-di-cis retinol were not available, concentrations were quantified by means
of k1 and k2 correction constants as described by Brinkmann et al (1995). All reagents and
solvents used in extraction were HPLC grade.
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Sample Preparation
Twelve 3900-gram subsamples from the lot of skim milk were fortified with 2000
International Units (IU) vitamin A and 400 IU vitamin D per quart, per the standard identity
(FDA, 2012a). Of these, 11 samples were also spiked with a blend of either one or two
antioxidants (Table 1), with the twelfth sample remaining as a control.
Vitamins A and D were dispersed in corn oil (Kroger, Cincinnati, OH) at 0.44% wt/wt for
all-trans-retinyl palmitate, and 0.15% wt/wt. The prepared vitamin/corn oil blend was added to
milk at 0.03% wt/wt. To incorporate the antioxidants, a concentrated antioxidant-enriched milk
blend was first prepared for each antioxidant and homogenized at a maximum pressure of 20,684
kPa (3000 psi) for 10 minutes in a 2-stage laboratory-scale homogenizer (APV Gaulin, Delavan,
WI) and stored at 1 °C. A calculated portion of the prepared antioxidant milk blend was then
added to fluid milk to achieve the levels stated for each sample prior to spray drying, which are
displayed in Table 1. To ensure homogeneity following the addition of the vitamins and the
antioxidant blend, milk was mixed with a wire whisk for 20 seconds before being homogenized
and recirculated at a maximum pressure of 20,684 kPa (3000 psi) for 10 minutes.
The amounts of antioxidants added were lower than the legal limit of 2 ppm for BHA in
reconstituted beverages, but higher than the amount legally allowed in most foods, as
antioxidants are allowed at a maximum of 0.02% of the fat content. The amounts of ascorbic acid
and dl-α-tocopherol are based on the levels used by van Aardt (2005b). Since α-tocopherol is a
viscous fluid, the stock sample was heated to 50 °C prior to homogenization to facilitate
incorporation (van Aardt et al., 2005b).
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Table 1: Antioxidant treatments and concentrations applied to vitamin A & D fortified skim milk prior to
spray drying and storage at 50 °C
Treatment Name

Antioxidant Concentrations

Treatment Name

Antioxidant Concentrations

PG

0.57 ppm Propyl Gallatea

AA+PG

250 ppm AA + 0.29 ppm PG

BHA

0.57 ppm BHAb

AA+BHA

250 ppm AA + 0.29 ppm BHA

BHT

c

AA+BHT

250 ppm AA + 0.29 ppm BHT

AA+TBHQ

250 ppm AA + 0.29 ppm BHT

AA+TOC

250 ppm AA + 0.29 ppm TOC

Control

None

0.57 ppm BHT

d

TBHQ

0.57 ppm TBHQ

TOC

500 ppm α-Tocopherole

AA

500 ppm Ascorbic Acid

f

a

Propyl gallate
Butylated hydroxyanisole
c
Butylated hydroxytoluene
d
Tertiary butyl hydroquinone
e
dl-α-Tocopherol
f
L-Ascorbic acid
b
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Following homogenization, samples were immediately spray dried with a GEA Niro
(Copenhagen, Denmark) Mobile Minor laboratory-scale spray dryer with a centrifugal disc
wheel-type atomizer. The spray dryer was operated with an inlet temperature of 180-185 °C, a
feed rate of 28 mL/min, an exhaust temperature of 75-80 °C, and an atomizer pressure of 4.2
cm/kg2. All samples were prepared under subdued lighting and held in one-gallon high-density
polyethylene (HDPE) jugs encased in foil to prevent vitamin A degradation by light. The
finished powder was held in a 500 mL HDPE bottle encased in foil, nitrogen flushed and stored
at -80 °C until accelerated storage.

Thermal Acceleration
To determine the ability of the antioxidants to inhibit vitamin A degradation, a thermally
accelerated storage study was conducted. Researchers filled 24 glass Petri dishes (100x15 mm)
with 24-gram samples of each of the twelve antioxidant treatment combinations in duplicate and
placed these Petri dishes into a dark 50ºC chamber (38 x 38 x 49.5 cm, Lab-line/CS&E Imperial
II incubator, Chicago Surgical and Electrical Co., Chicago, IL) for two weeks. During this time,
samples were exposed to ambient oxygen in order to replicate typical NDM storage conditions.
The chamber temperature was monitored, and the position of the dishes in the chamber was
randomized every two days to ensure all samples received an equal heat treatment. Prior to
sample collection, each dish was stirred for 30 seconds to ensure homogeneity. Twelve-gram
subsamples from each dish were then taken using a stainless steel spatula. Until analysis,
samples were stored in nitrogen-flushed amber glass bottles (30 mL) at -80ºC.
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Vitamin A Extraction
Samples were analyzed for all-trans retinol, 9-cis retinol, 13-cis retinol, and 9,13-di-cis
retinol based on the method developed by Panfili et al (2008), with some modifications based on
Lloyd et al. (2004b) and AOAC Official Method 992.04 (AOAC, 2012). For each extraction, 1.5
grams of nonfat dry milk was precisely weighed into a 125 mL screw cap Erlenmeyer flask
reaction vessel with a PTFE-lined cap. The powder was then reconstituted with 10 mL of boiled
and cooled distilled water and placed on an orbital shaker (VWR, Model 980001, Radnor, PA)
for 10 minutes. Following reconstitution, 15 mL ethanolic pyrogallol (60 g/L) was added.
Following nitrogen flushing of the flask, 4.5 grams of potassium hydroxide pellets were added to
the reaction vessel and the vessel was flushed with nitrogen again. To complete hot
saponification, the sample was then placed in a 70ºC water bath for 40 minutes.
Following saponification, each sample was cooled for three minutes in an ice bath. The
vitamin A was then extracted twice by separatory funnel, using 30 mL of hexane/ethyl acetate
(9:1) as the solvent. Sodium chloride solution (60 mL, 10 g/L) was added to help prevent
emulsion formation. Following the second separation, the separatory funnel was rinsed with an
additional 10 mL of hexane/ethyl acetate (9:1). Residual aqueous contamination was then
removed by adding excess sodium sulfate followed by filtering the sample through Fisher P8
filter paper. Following filtration, 1 mL of 1% hexadecane in hexane solution was added as a
drying protectant. Using a rotary evaporator (Buchi, Rotavapor R-215), the sample was dried and
dissolved into 2 mL of isopropyl alcohol (1%) in hexane. The extracted sample was stored at 80ºC in a 2 mL amber glass crimp-top vial with a PTFE septum until injected into the HPLC
column. All analyses were performed in triplicate.
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HPLC Conditions
HPLC analysis was performed using a normal-phase column of Waters uPorasil silica
3.9x300 mm on an Agilent 1100 HPLC (Agilent Technologies, Palo Alto, CA). The mobile
phase was hexane mixed with propan-2-ol (99:1) and hexane (100%) at ratio of 15:85 (vol/vol)
based on the method of Panfili et al (2008) with a flow rate of 1 mL/min and an injection volume
of 20.0 μL; a diode-array detector was used for quantification at 325 nm.
As retinyl palmitate is converted to retinol during saponification, retinol was quantified
through the use of an external standard curve. The recovery rate was calculated by spiking
samples in duplicate with a known concentration of retinyl palmitate. The recovery rate for
vitamin A was 70.5%.
Reporting
To account for the difference in bioactivity between the different isomers of retinol, total
vitamin A content for each sample was expressed in retinol activity equivalents (RAE), for
which 1 μg of all-trans retinol is equivalent to 1 RAE. RAE was calculated by multiplying each
isomer by its respective bioactivity correction constant (Weiser and Somorjai, 1992), and
summing all the values obtained from all isomers.
For compositional data, isomers are presented as a percentage of the total μg of all
isomers of retinol extracted. For each isomer, the weight was divided by the unadjusted total μg
of all isomers and multiplied by 100 to give the percentage wt/wt of the total.

Statistical Analysis
The analysis was conducted using mixed model analysis of variance in SAS version 9.3
(SAS Institute, Cary, NC) with time and antioxidant as independent variables and the interaction
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of time and antioxidant included. Petri dish was included as a blocking variable. Due to
variability, all vitamin A values were log transformed and the natural log of vitamin A RAE was
the dependent variable. To examine vitamin A retention values following modeling, TukeyKramer post-hoc tests were conducted. All statistical tests were conducted with an alpha of 0.05.

RESULTS & DISCUSSION
Initial Vitamin A Levels
Following spray drying, mean initial vitamin A levels in all blends ranged between 4.23
to 11.83 vitamin A RAE, with a mean of 7.90 ±0.70 SE retinol activity equivalents. While no
vitamin A measurements were taken prior to spray drying, there is some evidence suggesting that
some of the antioxidants may have a protective effect during spray drying. The two antioxidants
expected by the researchers to have the lowest vitamin A stability, control (3.33 RAE ±0.12 SE)
and AA (2.98 RAE ±0.021 SE) also had the lowest initial vitamin A content. As this effect may
be an artifact of variation due to individual fortification it is not enough evidence to support any
conclusions. Future research is needed to determine the effect of antioxidants during spray
drying.

Percent Vitamin A Retention
Significant vitamin A degradation was observed (Figure 2) after two weeks in storage at
50 °C in all antioxidant-treated samples except AA+BHT, and BHT, which experienced no
significant degradation (p=0.999, p=0.350) and retained 79.21% ±11.53 SE and 68.35% RAE
±11.62 SE of their original retinol activity equivalents respectively. With 95% confidence,
AA+BHT and BHT were not significantly different in percent of overall retention than
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Figure 2: Percent total retinol activity equivalents (RAE) retained in antioxidant-treated and
control nonfat dry milk after two weeks at 50 °C

Figure 2. Percent of total retinol activity equivalents (RAE) retained in
antioxidant-treated and control nonfat dry milk after two weeks at 50 °C. Lascorbic acid (AA), propyl gallate (PG), α-tocopherol (TOC), butylated
hydroxyanisole (BHA), tertiary butyl-hydroquinone (TBHQ), and butylated
hydroxytoluene (BHT) were the antioxidants added. Different letters indicate
significant differences between treatments at p<0.05. Error bars are 95%
confidence intervals.
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AA+BHA, AA+TBHQ, or TBHQ. The treatment BHT was not significantly different than TOC
or AA+PG, and both AA+BHT and BHT retained significantly more vitamin A than AA+TOC,
AA, BHA, PG, or the control, which retained only about 17% of its original vitamin A content
(17.64% RAE retained ±12.21 SE) after two weeks. The level of loss seen in the control is within
the range observed in past research of NDM, although other authors held their milk powder at
lower temperatures for longer periods of time (Woollard and Edmiston, 1983; Deboer et al.,
1984). The low retention seen in the ascorbic acid blend (AA) is expected, since ascorbic acid is
water-soluble and would not have been as well suited to protect fat-soluble vitamin A alone. The
low retention seen in the propyl gallate blends is also expected, as propyl gallate is reported to
have poor thermal stability (O'Brien, 2010). As propyl gallate forms a unique 1:1 complex with
ascorbic acid in solution, the slightly higher retention in the blend is also consistent with other
research (Szymula and Radzki, 2004).
One interesting trend is that the addition of ascorbic acid to BHT appears to have a
synergistic effect on its ability to preserve vitamin A. Despite the BHT treatment containing
twice the amount of butylated hydroxytoluene as the AA+BHT treatment, the AA+BHT sample
performed as well as the BHT blend at retaining vitamin A.
Addition of ascorbic acid in combination with other synthetic antioxidants also appeared
to have a beneficial effect on vitamin A preservation. Treatments containing half the level of
synthetic antioxidant along with 250 ppm ascorbic acid retained equal or higher levels of vitamin
A RAEs than those with the antioxidant alone at twice the concentration. This observation is
consistent with findings by Jung et al (1998) that ascorbic acid may have a protective effect on
retinol. These findings would indicate that while ascorbic acid alone was not effective, when
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used in combination with synthetic antioxidants, ascorbic acid may also have a protective effect
against non-light induced oxidation of vitamin A in nonfat dry milk.
These results show a significant benefit in adding BHT to nonfat dry milk for the
preservation of vitamin A over the addition of no antioxidants. The data also show that BHT
offers a significant improvement in vitamin A retention over other antioxidants such as BHA,
which had significantly lower vitamin A RAE retention than BHT. The low retention seen in the
BHA antioxidant blend is especially interesting as BHA represents the only non-vitamin
antioxidant that is approved for use in dried beverage mixes. Based on current FDA regulations,
the only treatments included in this study that would be legally permissible in a dry low fat
beverage mix are ascorbic acid, ascorbic acid + dl-α-tocopherol, dl-α-tocopherol, ascorbic
acid+BHA, and BHA. Of the vitamin-antioxidants, α-tocopherol and ascorbic acid, neither
showed a significant improvement in vitamin A RAE retention over the control at a 95%
confidence level. Based on these data, the addition of BHA alone at 0.57 ppm also offers no
significant improvement in vitamin A retention over the addition of no antioxidants, nor does the
addition of BHA and ascorbic acid at 0.29 and 250 ppm respectively.
Currently, BHT is not approved by the FDA for use dried beverage mixes and would only
be permissible at 0.02% of the fat content (FDA, 2012c). The levels of BHT used in this study
exceed the current legal limit, but fall within approved usage levels for BHA, which is approved
for use in powdered beverage mixes at levels up to 2 ppm of the reconstituted product or 90 ppm
of the powdered product, whichever is lower (FDA, 2012b).
Isomer Composition
Isomer composition changed over the two weeks of storage, with a general increase of
the proportion of 13-cis, 9,13-di-cis and 9-cis retinol as well as a decrease in the all-trans isomer.
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The change in isomer composition was also antioxidant dependent, with a general trend that
those antioxidants yielding the highest overall retention of vitamin A also had the lowest degree
of isomerization, as displayed in Figure 3. This indicates that, in addition to the antioxidants
preserving retinol against complete oxidation, the antioxidants appear to have some ability to
protect against isomerization as well.
One notable exception was that the ascorbic acid blend (AA) seemed to promote
isomerization compared to some of the other combinations, including the control. Compared to
the control, which proportionately contained approximately 10.5% of 13-cis retinol, the AA
blend contained 12.5% 13-cis retinol. The addition of ascorbic acid at 500 ppm may have a prooxidant effect on retinol isomerization; more research is needed to confirm these findings.
The trend observed of increasing levels of isomerization did not appear to be strictly
linear. The proportion of 13-cis in treatments such as AA+PG and AA+BHA decreased between
weeks zero and one and increased between weeks one and two (Figure 4). In contrast, other
treatments such as TOC, appeared to experience an almost linear increase in the proportion of the
13-cis isomer. These results are consistent with previous research that has demonstrated the
relationship between isomerization and heat treatments (Panfili et al., 1998) as well as research
that has documented the isomerizing effect of pro-oxidants such as light (Deboer et al., 1984;
Murphy et al., 1988; Whited et al., 2002). While the present study excluded light, oxygen was
not excluded and therefore represents a potential pro-oxidant. Due to the high storage
temperature, however, it is impossible to determine whether the change in isomer composition is
due to the heat treatment or due to oxidation.

34

Figure 3: Proportions of retinol isomers present in antioxidant-treated and control nonfat dry
milk after two weeks at 50 °C

Figure 3. Proportions of retinol isomers present in antioxidant-treated and control
nonfat dry milk after two weeks at 50°C. Percent of total was calculated by
dividing the μg of each isomer by the total μg retinol in each sample. Treatments
are presented from left to right in order of highest to lowest overall percent retinol
activity equivalents (RAE) retained after two weeks at 50 °C, as presented in
Figure 1, with control placed last as a reference. Antioxidants were L-ascorbic
acid (AA), propyl gallate (PG), α-tocopherol (TOC), butylated hydroxyanisole
(BHA), tertiary butyl-hydroquinone (TBHQ), and butylated hydroxytoluene
(BHT). Error bars are 95% confidence intervals of the means.
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Figure 4: Proportion of 13-cis retinol present in antioxidant-treated and control nonfat dry milk
over two weeks at 50 °C

Figure 4. Proportion 13-cis retinol present in antioxidant-treated and control
nonfat dry milk over two weeks at 50 °C. Percent of total was calculated by
dividing the μg of 13-cis by the total μg of all retinol isomers in each sample. Lascorbic acid (AA), propyl gallate (PG), α-tocopherol (TOC), butylated
hydroxyanisole (BHA), tertiary butyl-hydroquinone (TBHQ), and butylated
hydroxytoluene (BHT) were the antioxidants added.
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Practical Considerations
The addition of either ascorbic acid or propyl gallate appeared to have a foam stabilizing
effect on the skim milk to be spray dried, with the effect of ascorbic acid stronger than that of
propyl gallate. This made spray drying more difficult and made the exclusion of air during
homogenization more crucial. Further testing on industrial-scale equipment is necessary. Use of
a defoaming agent in processing could be a potential solution, but the effects of a defoamer on
milk quality and vitamin retention are currently unknown.
Another processing limitation was that the antioxidant α-tocopherol was difficult to
incorporate into the fluid milk, in part due to the high amount added. Incorporation of other
antioxidants was significantly easier to accomplish and used less weight of antioxidant.
Another consideration is that based on the amount of L-ascorbic acid that was added to
the AA blend, 122.5 milligrams of vitamin C would need to be declared on any nutritional labels.
This equates to 200% of the %DV for 1 cup of reconstituted skim milk for labeling purposes. As
also reported by van Aardt et al. (2005b) the AA blend had a slight acid 1taste and may not be
considered acceptable. At the combined concentration of 250 ppm, the acidic off-flavor was
significantly reduced and the %DV would be 100%, with 61.25 milligrams of ascorbic acid per
cup of reconstituted skim milk.

Limitations
These data have the limitation that the samples did not all contain the same amount of
vitamin A following spray drying. Since vitamin A content was not analyzed prior to spraydrying, there is no way to know whether the variation was due solely to variation in the
fortification process or if some of the variation was due to the presence or absence of
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antioxidants during spray drying. This presents as a confounding factor if there is a relationship
between amount of retinyl palmitate present and rate of degradation.

CONCLUSIONS
Butylated hydroxytoluene alone or in combination with ascorbic acid preserved vitamin
A in nonfat dry milk over two weeks at 50 °C, retaining both a high proportion of vitamin A and
minimizing isomerization to less bioactive forms. The proportion of cis-retinol isomers increased
and overall vitamin A activity decreased in all samples except for those treated with BHT.
Further testing is needed to determine BHT’s effect during ambient storage as well as the
optimal concentration required.
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SUMMARY
The objective of this study was to compare the effect of three antioxidant combinations
and a control on retinyl palmitate oxidation and isomerization in nonfat dry milk during 30 °C
storage using an HPLC method that separates retinol isomers. Two lots of pasteurized, vitamin
A- & D-fortified concentrated skim milk were collected from a local dairy and divided into four
batches, three of which were spiked with an antioxidant treatment: 250 ppm ascorbic acid + 1
ppm propyl gallate (AA+PG), 250 ppm ascorbic acid + 1 ppm BHA (AA+BHA), or 2 ppm
propyl gallate (PG); the fourth batch was left as a control. Following spiking, each of the eight
batches was homogenized, spray dried, and placed into storage at 30 °C for 3 months. Vitamin A
was analyzed before spray drying, and after 0, 1, 2, 4, 6, 8, 10, and 12 weeks in storage.
Both the AA+BHA and PG treatments were significantly higher in overall vitamin A
bioactivity than the control. As there was no significant interaction between antioxidant and time
in the model, vitamin A in all antioxidants treatments degraded at equal rates. Only limited
vitamin A degradation occurred during the study timeframe in all samples and loss followed a
parabolic curve. No significant riboflavin degradation occurred, and with 95% confidence, there
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were no significant differences in riboflavin content between any of the antioxidant treatments in
riboflavin retention.
Due to abuse in the original fortification blend, the overall degree of isomerization began
and remained high in all samples, with cis isomers accounting for approximately 23% of the total
μg of retinol after 12 weeks. The researchers conclude that high initial isomerization in the
vitamin A fortification blend may diminish or negate the protective effect of antioxidants on
isomerization.

Keywords: retinyl palmitate, isomerization, riboflavin, nonfat dry milk, antioxidant
Running head: Vitamin A & antioxidants in stored dry milk

INTRODUCTION
Nonfat dry milk (NDM) is currently the main form of milk powder available in the
United States, accounting for approximately 97% of all US milk powder produced in 2012
(USDA FAS, 2012). However, NDM has not always held such dominance in the market; from
market years 1983 to 1988, more whole milk powder (WMP) was produced than NDM
(USDA FAS, 2012).
While NDM offers many advantages over WMP, such as a longer sensory shelf life and
improved functional properties (Lloyd et al., 2004b; Lloyd et al., 2009), one of its disadvantages
is decreased vitamin A stability (Woollard and Edmiston, 1983; Deboer et al., 1984; Deman et
al., 1986). In WMP, milk fat present in the powder both shields against and dilutes oxidants,
potentially sparing components like cholesterol and fat-soluble vitamins (Manzi and
Pizzoferrato, 2010). In NDM, this fat protection is not present, and vitamin A losses up to 94%
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over 6 months have been reported during storage (Woollard and Edmiston, 1983; Deboer et al.,
1984).
The heating of fluid milk, such as that which might occur during the preheating and spray
drying of milk powder, may deplete the natural antioxidant properties of milk (Calligaris et al.,
2004), potentially making vitamins less stable over storage. Additionally, as an effect of
exposure to heat or ultraviolet or visible light, retinyl palmitate (vitamin A) isomerizes from the
most biologically active form, all-trans, to various cis isomers including 9-cis, 9,13-di-cis and
13-cis (Schwartz, 1987; Murphy et al., 1988; Weiser and Somorjai, 1992). These isomers have
lower biopotency, at 19%, 21%, and 73% of all-trans bioactivity, respectively (Sivell et al.,
1984; Weiser and Somorjai, 1992), making them less functional in vivo. The amount of the 13cis isomer that is formed has been correlated to the time and temperature of pasteurization
(Panfili et al., 1998), demonstrating the relationship between heat and isomerization.
While vitamin A is frequently quantified using reverse-phase HPLC, this technique does
not allow separation of the cis isomers and likely overestimates vitamin A activity (Woollard and
Indyk, 1986; Panfili et al., 2008). These errors in estimation are amplified in stored products
where the proportion of cis isomers is higher (Woollard and Indyk, 1986). Using normal phase
HPLC, cis isomers can be differentiated and vitamin A degradation can be more accurately
estimated (Brinkmann et al., 1995).
The addition of antioxidants is considered to be a viable method of protecting retinoids in
foods (Loveday and Singh, 2008), but little data exist on their effects on dry dairy products. In
fluid milk subject to light isomerization, ascorbic acid inhibits oxidation of all-trans and 13-cis
retinyl palmitate (Jung et al., 1998). In low-fat milk powder, butylated hydroxyanisole (BHA)
has also been shown to reduce vitamin A oxidation products (Weckel and Etzer, 1954), and other
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antioxidants such as butylated hydroxytoluene (BHT), tertiary-butylhydroquinone (TBHQ), and
propyl gallate have also demonstrated potential benefits against vitamin A degradation (Min et
al., 1990; Carlotti et al., 2004; Kim et al., 2009). While no data exist on the effects of αtocopherol in NDM, a combination of 0.025% (250 ppm) ascorbic acid and 0.025% (250 ppm)
α-tocopherol in fluid milk has been shown to protect against light-oxidized flavor in fluid milk
(van Aardt et al., 2005b), which is caused by auto-oxidation and protein oxidation.
In a previous study (Manuscript #1, A. Kurzer, unpublished data), 11 blends of
antioxidant-spiked NDM were stored at 50 °C for two weeks. The researchers observed that
three of the blends were shown to provide significantly higher vitamin A bioactivity retention
than the untreated control: 0.29 ppm BHT with 250 ppm ascorbic acid, 0.57 ppm BHT, and 0.29
ppm BHA with 250 ppm ascorbic acid. Propyl gallate was also included in this study, but
provided little effect due to thermal degradation. As this was a thermally accelerated study, more
data is needed to determine the effectiveness of propyl gallate at temperatures near ambient.
The objective of the current study was to compare the effects of three antioxidant
combinations and a control on retinyl palmitate oxidation and isomerization in nonfat dry milk
over three months at 30 °C using an HPLC method that separates retinol isomers. As riboflavin
may act as pro-oxidant of vitamin A and influences the development of isomers (Jung et al.,
1998), riboflavin was monitored as well.

MATERIALS AND METHODS
Materials
Two lots of pasteurized, vitamin A & D fortified, concentrated (41.6% & 43.7% total
solids, respectively) skim milk were obtained from Deseret Dairy (Salt Lake City, UT) and
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stored covered in the dark at 1˚C. Skim milk was concentrated using a vacuum evaporator to
facilitate spray drying, as is performed in industry. Vitamins A & D were added as a water
dispersible blend from Dairy House (Fenton, MO) that contained α-tocopherol as an incidental
additive. Food grade L-ascorbic acid powder (>99%) was obtained from Royal DSM
(Parsippany, NJ). Fluid solutions of BHA and propyl gallate containing approximately 20%
wt/wt antioxidant were supplied by Kemin Industries (Des Moines, IA); the propyl gallate
solution also contained 1% citric acid.
External standards of vitamin A and riboflavin were prepared from all-trans-retinol
powder and riboflavin powder acquired from Sigma-Aldrich (St. Louis, MO). Since standards of
9-cis, 13-cis and 9,13-di-cis retinol were not readily available, concentrations were quantified by
means of k1 and k2 correction constants as described by Brinkmann et al. (1995). All reagents
and solvents used in extraction and dilution were HPLC grade.

Sample Preparation
Overall Production. Four batches of milk powder were spray dried from each of the two
lots. In addition to vitamins A & D, three of the four batches were also fortified with one of three
antioxidant blends that were selected based on an earlier study, although with higher
concentrations of the synthetic antioxidants (Manuscript #1, A. Kurzer, unpublished data).
Treatments included 250 ppm ascorbic acid + 1 ppm propyl gallate (AA+PG), 250 ppm ascorbic
acid + 1 ppm butylated hydroxyanisole (AA+BHA) or 2 ppm propyl gallate (PG); the fourth
batch was a control and had no antioxidants added. All samples were stored and prepared under
subdued lighting to prevent vitamin A degradation. All samples from each lot were spray dried
within 10 days of receipt. For each batch, 2.4- 2.7 kg of milk powder was produced. Four batches
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from a second lot obtained one week later were also spray dried with the same treatments to
provide replication.
Antioxidant Spiking. To incorporate propyl gallate and BHA, a concentrated antioxidantenriched milk blend for each was prepared and homogenized in advance and stored at 1 °C. A
calculated portion of the prepared antioxidant milk blend was then added to the treatment blend
to achieve the levels stated for the final spiked product. A powder form of ascorbic acid was then
added to the AA+PG and AA+BHA treatments. The milk was then mixed with a wire whisk for
30 seconds before being homogenized twice to ensure thorough distribution of the antioxidant at
a maximum pressure of 20,684 kPa (3000 psi) in a 2-stage laboratory-scale homogenizer (APV
Gaulin, Delavan, WI).
Spray Drying. Following antioxidant spiking, samples were immediately spray dried at
180-185 °C using a GEA Niro (Copenhagen, Denmark) Mobile Minor spray dryer with a
centrifugal disc wheel-type atomizer. The feed rate was 28 mL/min, the exhaust temperature was
80-85 °C and the atomizer pressure was 4.8-5.0 cm/kg2. All samples were processed under
subdued lighting and held in one-gallon high-density polyethylene (HDPE) jugs encased in foil
to prevent vitamin A degradation by light. The dried sample was collected from the chamber in a
500 mL HDPE bottle.
To eliminate large scorched particles produced by occasional atomizer clogging, all milk
powder produced was sifted through a #10 sieve. Once the batch was finished, the entire batch
was mixed with a wire whisk for 2 minutes to ensure homogeneity. The milk powder was then
packaged into 16 glass 473 mL glass jars (regular mouth pint mason jars) filled to 167-170g. Of
these, 2 jars were immediately put into -80 °C storage as a time 0 control; the remainder was
stored frozen at -23 °C until all batches were completed.
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Storage and Sampling
All samples were removed from -23 °C storage and allowed to equilibrate to room
temperature. Once equilibrated, the metal bands were loosened and the canning lids were
replaced with identically-sized 20 μm ashless 7.0 cm Whatman #41 (GE Healthcare Life
Sciences, Piscataway, NJ) filter paper to allow adequate exposure to oxygen. After re-tightening
the band around the filter paper lid, the samples were placed into an environmental controller
(Percival Scientific, Perry, IA) in randomized positions on one of three metal wire racks.
Samples were stored at 30 °C with 11% relative humidity for a total of 12 weeks; sample
collection took place after 0, 1, 2, 4, 6, 8, 10, and 12 weeks in storage. A sample was also taken
of the fluid concentrate at the time of spray drying for comparison. During sample collection, 2
random duplicate bottles were collected from each of the 8 batches and placed into -80 °C
storage. Prior to being placed in the freezer, the filter paper lids were replaced with the original
canning jar lids to prevent moisture fluctuations due to condensation.
Samples were held at -80 °C until vitamin extraction was performed. Prior to being
opened, the jars were allowed to equilibrate to 19 °C to prevent water from condensing on the
NDM and altering the moisture content. Before NDM was removed for vitamin analysis, the
powder was mixed using a stainless steel metal spatula to ensure homogeneity. Jars were then
flushed with nitrogen prior to being placed back at -80 °C.

Vitamin Analysis
Vitamin A. Samples were analyzed for all-trans retinol, 9-cis retinol, 13-cis retinol and
9,13-di-cis retinol based on the method developed by Panfili et al (2008), with some
modifications based on Lloyd et al. (Lloyd et al., 2004b) and AOAC Official Method 992.04
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(AOAC, 2012). For each extraction, 1.5 grams of nonfat dry milk was accurately weighed into a
125 mL screw cap Erlenmeyer flask reaction vessel with a PTFE-lined cap. The powder was then
reconstituted with 10 mL of boiled and cooled distilled water and placed on an orbital shaker for
10 minutes (VWR, Model 980001, Radnor, PA). Following reconstitution, 15 mL ethanolic
pyrogallol (60g/L) was added. Following nitrogen flushing of the flask, potassium hydroxide
pellets (4.5g) were added to the reaction vessel and the vessel was flushed with nitrogen again.
To complete hot saponification, the sample was then placed in a 70ºC water bath for 40 minutes.
Following saponification, each sample was cooled for three minutes in an ice bath. The
vitamin A was then extracted from the reconstituted sample twice by separatory funnel, using 30
mL of hexane/ethyl acetate (9:1) as the solvent. Following the second separation, the separatory
funnel was rinsed with an additional 10 mL of hexane/ethyl acetate (9:1). Sodium chloride
solution (60 mL, 10g/L) was added to help prevent emulsion formation. After separation,
residual aqueous contamination was removed by adding excess sodium sulfate followed by
filtering the sample through Fisher P8 filter paper. Following filtration, 1 mL of 1%
hexadecane/hexane solution was added as a drying protectant. Using a rotary evaporator (Buchi,
Rotavapor R-215), the sample was dried and dissolved into 2 mL of isopropyl alcohol (1%) in nhexane. The extracted sample was stored at -80ºC in a 2 mL amber glass crimp-top vial with a
PTFE septum until injected into the HPLC column. All analyses were performed in triplicate.
Riboflavin. Riboflavin analysis was completed based on the method used by Hall et al.
(2010). Approximately 2.1 grams of milk powder was weighed into a 50 mL Erlenmeyer flask
and the weight recorded. The powder was then mixed using a stir bar (39x9 mm) until
homogenous with 15.3 grams of distilled water and reweighed. Ten grams of the reconstituted
sample was then added to a 125 mL Erlenmeyer flask and mixed with 20 mL metaphosphoric
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acid (3%) and 50 mL distilled water. Following precipitation, approximately 2 mL of the
supernatant was filtered through a 0.2 μm cellulose acetate filter before being placed into a 2 mL
glass amber HPLC vial for analysis.
HPLC and Quantification. Vitamin A HPLC analysis was performed using a normalphase column of Waters uPorasil silica 3.9x300 mm on an Agilent 1100 HPLC (Agilent
Technologies, Palo Alto, CA). The mobile phase was hexane mixed with propan-2-ol (99/1) and
hexane (100%) at ratio of 15:85 (vol/vol) based on the method of Panfili et al (2008) with a flow
rate of 1 mL/min and an injection volume of 20.0 μL; a diode-array detector was used for
quantification at a wavelength of 325 nm.
Separation of riboflavin was performed at 23 °C with an Agilent 1100 HPLC (Agilent
Technologies, Palo Alto, CA) using a Luna C18 (2) 150x4.6 mm, 5μm particle size reversephase column (Phenomenex, Inc., Torrance, CA), as performed by Lloyd et al (2004a). The
mobile phase was methanol mixed with 0.05 M sodium acetate at a ratio of 30:70 (vol/vol) with
a flow rate of 1 mL/min, an injection volume of 10.0 μL. A fluorescence detector with an
excitation wavelength of 422 nm and an emission wavelength of 522 nm was used for
quantification.
Vitamin A and riboflavin were both quantified by using an external standard curve. The
recovery rate was calculated by spiking samples in duplicate with a known concentration of
riboflavin or vitamin A, and was 70.5% for vitamin A and 83% for riboflavin.
Reporting. Riboflavin is reported as mg/100 grams of nonfat dry milk on a dry weight
basis. In order to account for the difference in bioactivity between the different isomers of
retinol, total vitamin A content for each sample was expressed on a dry weight basis in retinol
activity equivalents (RAE), for which 1 μg of all-trans retinol is equivalent to 1 RAE. RAE was
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calculated by multiplying each isomer by its respective bioactivity correction constant and
summing all the values obtained from all isomers.
For vitamin A compositional data, isomers are presented as a percentage of the total μg of
all isomers of retinol extracted. For each isomer, the weight was divided by the unadjusted total
μg of all isomers and multiplied by 100 to give the percentage of the total based on wt/wt.

Statistical Analysis
The analysis was conducted using mixed model analysis of variance in SAS version 9.3
(SAS Institute, Cary, NC). Vitamin A in μg RAE and riboflavin in mg/100 grams were the
dependent variables and time, time2, and antioxidant were included as the independent variables.
Time and antioxidant were included as the independent variables for riboflavin. Due to
equipment difficulties with HPLC analysis, only riboflavin data points from weeks 4, 6, 8, 10,
and 12 from lot 2 were included in the analysis. Lot was included as a blocking variable for both
vitamin A and riboflavin. To examine retention values following modeling, Tukey-Kramer posthoc tests were conducted. All tests were conducted with an alpha of 0.05.

RESULTS & DISCUSSION
Vitamin A
Initial Levels. The only significant differences in initial vitamin A retinol activity
equivalents (RAE) after spray drying was between the control and PG treatments (p=0.0074),
and between the control and AA+BHA treatments (p=0.0068), although it was suggestive but
inconclusive whether there was a significant difference between AA+PG and the control
(p=0.0538). The mean levels of vitamin A were 9.98± 1.987 SE μg retinol activity equivalents
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(RAE) for AA+BHA, 9.97± 1.986 SE for PG, 9.84± 1.986 SE RAE for AA+PG, and 9.42±
1.987 SE for the control. As the treatments all contained equal amounts of vitamin A before
drying, this would indicate that PG and AA+BHA had the highest overall protective effect on
retention of vitamin A during spray drying.
Overall Retention. Limited degradation occurred during the study timeframe, with only
1.48 μg (15%) of Vitamin RAE lost over 12 weeks (Figure 5). There was no significant
interaction between antioxidant and time in the model, so all antioxidants were assumed to
degrade at equal rates.
The limited degradation seen in this study, even within the control, is unexpected, as
other published studies of untreated NDM, such as Woollard and Edmiston (1983) observed over
90% degradation of vitamin A within 6 months of storage at ambient temperatures. Similarly,
deBoer et al (1984) observed greater losses than seen in the present study, with 20 to 38% loss of
vitamin A content over 16 weeks at temperatures ranging from 21 to 32 °C. As these samples
were stored at similar temperatures, similar vitamin A degradation was expected to occur. One
explanation for the higher amount of degradation seen in deBoer et al. (1984) is the instantizing
process. Little research exists regarding the effect of agglomeration on vitamin stability, but as it
is possible that it may negatively affect vitamin A stability in NDM, further research is needed.
In addition to degradation being lower than other milk powder studies, these results are
also not consistent with other fortification studies not involving antioxidants, such as Kim et al.
(2000) where 90% of vitamin A was lost in corn flakes containing only retinyl palmitate
following 6-8 weeks of ambient storage. Kim et al. (2000) reported, however, that corn flakes
fortified with a complete vitamin mixture including vitamins B1, B6, B12, C, and D experienced
significantly less degradation. This indicates that the presence of other vitamins may have a
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Figure 5: Vitamin A retinol activity equivalents (RAE) in antioxidant-treated and control nonfat
dry milk over twelve weeks of storage at 30 °C.

Figure 5. Retinol activity equivalents (RAE) in antioxidant-treated and control
nonfat dry milk over twelve weeks of storage at 30 °C. The antioxidants were Lascorbic acid (AA), propyl gallate (PG), and butylated hydroxyanisole (BHA).
Dashed line represents minimum acceptable fortification, 2000 IU/quart.
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beneficial effect on vitamin A stability. As vitamin D was included in the present study in
combination with vitamin A to replicate real fortification, it is possible that vitamin D had a
beneficial effect on vitamin A stability in the NDM. As the NDM in the study by Woollard and
Edmiston (1983) contained no vitamin D, this is a potential explanation for the discrepancy
observed.
The low amount of degradation is also unexpected based on the significant results found
in prior research (Manuscript #1, A. Kurzer, unpublished data). These samples were subjected to
different treatments than were those of the previous study, including heat pretreatment and
condensing, which may have had a protective effect on the vitamin A stability. Compared to
those findings, these samples also had higher levels of synthetic antioxidants, so it was expected
that the difference between the control sample and the treatments would be more defined. Due to
the low losses seen overall, though, individual differences between antioxidants are difficult to
distinguish.
One explanation for the low overall loss of vitamin A is the low storage humidity. It has
been reported that higher water activity has a negative effect on retinol stability (Vidalvalverde et
al., 1992). Relative humidity was kept at 11% for duration of storage, although the moisture
content of the milk powder increased during storage. As this moisture content was controlled, the
milk powder would be expected to have higher vitamin A stability than those stored in
uncontrolled humid climates. Since water activity was not reported by Woollard and Edmiston,
high relative humidity is a possible explanation for the high degree of degradation they observed.
Isomer Composition. No significant differences exist in the isomeric composition of the
antioxidants, as displayed in Figure 6. This may be, in part, due to the storage conditions of the
original vitamin A and D blend added to the milk powder. In the plant where the concentrate was

55

Figure 6: Proportion of 13-cis retinol in antioxidant-treated and control nonfat dry milk over 12
weeks at 30 °C

Figure 6. Proportion of 13-cis retinol in antioxidant-treated and control nonfat
dry milk over 12 weeks at 30 °C. Percent of total was calculated by dividing the
μg of 13-cis retinol by the total μg retinol in each sample. The antioxidants were
L-ascorbic acid (AA), propyl gallate (PG), and butylated hydroxyanisole (BHA).
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prepared, the vitamin A and D fortification blend was stored in a translucent plastic container,
allowing exposure to light while still in its packaging. As a result, isomerization is expected to be
present in all samples due to vitamin A’s high susceptibility to light, especially in the absence of
a light-blocking food matrix.
This observation is supported by the overall degree of isomerization observed in all
samples from time 0 (Figure 6). Compared to the vitamin A isomerization found in previous
research (Manuscript #1, A. Kurzer, unpublished data) where all-trans-retinyl palmitate and
cholecalciferol were not abused and were added in a corn oil base, the degree of isomerization
seen in this study was consistently higher. In previous research (Manuscript #1, A. Kurzer,
unpublished data), the highest proportion of 13-cis retinol, which is the predominant cis isomer
formed, peaked around 12.5% after two weeks at 50 °C. In the present study, the proportion of
13-cis retinol remained consistently higher, at around 18%. If the vitamin A in the samples had
already isomerized to equilibrium prior to being added to the milk, the antioxidants might be
unable to provide protection against most of the isomerization that would be expected to occur.
This would explain why the proportion of isomers in the treatments was not different than the
control in both lots and implies that the effectiveness of adding antioxidants to preserve vitamin
A may be dependent on the storage and handling of the vitamin A blend prior to fortification.
This research also supports the findings of Woollard and Indyk (1986) regarding the
importance of measuring cis isomers in evaluating the total vitamin A content of milk powders.
Of the retinol contained in the milk powder in the present study, approximately 23% of the
isomers measured in all treatments at 12 weeks were in the cis configuration (Figure 7).
Inclusion of the isomers in the calculation of the all-trans peak area would have caused overall
vitamin A activity of the milk powder to be 12-13% higher than bioavailable content.
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Figure 7: Proportions of retinol isomers present in antioxidant-treated and control nonfat dry
milk after 12 weeks at 30 °C

Figure 7. Proportions of retinol isomers present in antioxidant-treated and control
nonfat dry milk after 12 weeks at 30 °C. Percent of total was calculated by
dividing the μg of each isomer by the total μg retinol in each sample. The
antioxidants were L-ascorbic acid (AA), propyl gallate (PG), and butylated
hydroxyanisole (BHA). Error bars are 95% confidence intervals of the means.
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Riboflavin
With 95% confidence, there were no significant differences in riboflavin between any of
the antioxidants before or after spray drying. Time was not significant in the model (p=0.254)
nor was the effect of antioxidant significant (p=0.294), as can be seen in Figure 8. As light was
excluded during processing and storage, the lack of destruction is generally consistent with
expectations, although some degradation in the control due to lipid oxidation negatively affecting
riboflavin was expected, as other authors have reported significant riboflavin loss in milk
powders over time (Mercurio and Tadjalli, 1979). However, since even the control sample had
no significant amount of degradation, these data suggest that longer storage time is required
before riboflavin occurs in nonfat dry milk.

Limitations
One limitation of this study was that it was not conducted over a longer period of time.
While significant degradation may not have occurred during the three months monitored in this
study, significant degradation may have occurred over a longer period of time such as a year,
which may have allowed more differences between the treatments to be elucidated.
Another limitation of this study is the increased propensity of the milk to foam as
observed in the propyl gallate and ascorbic acid treated samples. While this foaming may be
potentially limited by the use of a defoamer, defoamers are currently not allowed based on the
standard of identity for nonfat dry milk (FDA, 2012a). The potential effects of a defoamer on
vitamin A stability are also unknown.
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Figure 8: Riboflavin in antioxidant-treated and control nonfat dry milk over twelve weeks of
storage at 30 °C

Figure 8. Riboflavin in antioxidant-treated and control nonfat dry milk over
twelve weeks of storage at 30 °C. The antioxidants were L-ascorbic acid (AA),
propyl gallate (PG), and butylated hydroxyanisole (BHA). Data points represent
lot 1 only.
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CONCLUSION
The addition of antioxidants appeared to have a limited effect on vitamin A or riboflavin
stability in nonfat dry milk during 12 weeks in 30 °C storage. Vitamin A content decreased by
only around 15% during twelve weeks of storage. After spray drying, the vitamin A content of
AA+BHA and PG were significantly higher than the control. The overall degree of isomerization
began and remained high in all samples, with cis isomers accounting for approximately 23% of
the total μg of retinol after 12 weeks. Riboflavin significantly decreased as well, although no
significant differences between any of the treatments was observed. The researchers conclude
that high initial isomerization in the vitamin A fortification blend may diminish or negate the
protective effect of antioxidants.
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AUTHOR’S NOTES
The difference seen between the two studies is likely an effect of multiple causes. First,
the samples in the manuscript #1 were subjected to much higher heat than those in the second
manuscript. As a result, based on the data available, AA+PG and PG seem to be the most
protective against vitamin A loss at higher temperatures. This would explain the difference seen
in the second manuscript where the temperatures were lower.
The second difference that may have played a significant role in the outcome of the
second study was that there was no preheat treatment applied to the samples in manuscript #1
whereas there was a heat pre-treatment applied in manuscript #2. In manuscript #2, there was
also the additional step of concentration applied, which would have reduced the heat abuse that
the samples would have received when going through the spray dryer. Both of these factors may
have worked to improve the stability of the milk powder produced in manuscript #2.
The last variable that may have been responsible for some of the differences observed
was that of the source of vitamin A and D. In manuscript #1, the vitamin A and D was blended
into pure corn oil as a carrier. In the second manuscript, however, the vitamin A (all-trans retinyl
palmitate) and D blend was added by the dairy and included an emulsifier to ensure even
distribution of vitamin A throughout. In plant, the vitamin blend was also stored in a translucent
container, making previous vitamin A light oxidation and isomerization a potential confounding
factor. It may be that antioxidants act more potently to preserve vitamin A when less
isomerization has taken place. As the final vitamin A levels account for the decreased bioactivity
of the isomers, it would be expected that less overall loss would be seen in pre-isomerized
control sample than in one that was entirely in the form of all-trans-retinyl palmitate.
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APPENDIX A: VITAMIN A EXTRACTION METHOD FOR NDM
1 February 2013

Source:
Panfili, G et al.. 2008. Influence of microorganisms on retinol isomerization in milk. J Dairy
Res. 75: 37-43
Modifications based on:
AOAC Official Method 992.04
Lloyd, MA et al.. 2004. Quality at Time of Purchase of Dried Milk Products Commercially
Packaged in Reduced Oxygen Atmosphere. J Dairy Sci. 87:2337-2343

Procedure
Sample preparation and alkaline digestion
1. Begin boiling distilled water (15 grams per sample, 60 grams for one normal run)
2. Pull sample from freezer and allow it to equilibrate to room temperature
3. Boil ~20 mL of water and cool to room temperature (at least 15g needed per sample
analyzed).
4. Weigh 1.5 g NDM into a 125 mL screw cap Erlenmeyer flask with a PTFE liner in the
cap. The NFDM should be flushed with nitrogen before going back in the freezer.
5. Using a scale, rinse down the sides of the flask by adding 15 g boiled cooled distilled
water to the NFDM using a graduated cylinder.
6. Flush sample with nitrogen and mix for 10 minutes using the digital variable speed VWR
980001 (57018-754) orbital shaker at 140 rpm.
7. Weigh 4.5 g potassium hydroxide (KOH) for each sample.
8. Add 15 mL of ethanolic pyrogallol (60 g/L) (prepare fresh daily) and 12 mL of ethanol to
each flask. Flush with nitrogen then add the 4.5 g of KOH. Finish flushing with nitrogen,
then cap sample.
9. Swirl samples to mix and place in water bath (70 °C) for 40 minutes.
Extraction
10. Cool in ice bath ~ 3 min
11. Pour each sample into its own 250 mL separatory funnel.
12. Rinse out flask with 60 mL of NaCl (10 g/L) and add to funnel.
13. Turn on water bath for nitrogen evaporator; set to 40 °C
14. For each sample, rinse flask with 10 mL of hexane/ethyl acetate (9/1) and add to funnel.
Repeat three times, adding a total of 30 mL.
15. Cap the separatory funnel with a ground glass stopper. While firmly holding the stopper
down, carefully shake funnel for about 1 minute.
16. Set the funnel back on the ring clamp and allow the phases separate for at least 1 minute.
17. Remove the stopper and rinse with at least 5 mL of hexane/ethyl acetate (9/1), allowing
solvent to flow into the separatory funnel.
18. Drain the aqueous phase into the original 125 mL screw-cap flask. Drain the organic
phase into a 250 mL Erlenmeyer flask. Repeat for other samples. [Note: It is better to err
on the side of getting organic layer into the aqueous portion for the first extraction. It is
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better to err on the side of leaving the aqueous layer in the organic for the second
extraction.]
19. Pour the aqueous phase back into the funnel and repeat steps 11-14. Collect the organic
layer into the same 250 mL flask
20. Add sodium sulfate to each flask until it is free flowing.
21. Filter into a 100 mL round bottomed flask using Fisher P8 creped filter. Rinse each flask
3 times with 5 mL hexane/ethyl acetate solution. Then rinse the filter with 5 mL more.
22. Add 1 mL 1% hexadecane/hexane solution to the filtered sample.
23. Flush the flask with nitrogen and evaporate to dryness (when there is no liquid left in the
flask and no drips coming off of the condensing coils) using the rotary evaporator
(rotovap).
24. When dry, immediately cap the round bottomed flask with a ground glass stopper and let
cool to room temperature for 1 minute.
25. After the flask is cool, carefully add 2 mL of isopropyl alcohol (1%) in hexane, making
sure to rinse all sides of the flask when adding. Cap immediately and swirl for 30 seconds
to ensure all vitamin A is dissolved into the solvent.
26. Using a Pasteur pipette to transfer, filter into an amber HPLC vial using a .45 or 0.50 μm
PTFE syringe filter and a 2 mL syringe. (To prevent dripping, connect filter to syringe,
and then hold syringe on top of vial before pipetting in sample)
27. Place samples in the freezer until run on HPLC.

Reagents
Ethanolic pyrogallol (60g/L):
-For 4 samples:
Measure 6 g of pyrogallol into a 100 mL volumetric flask. Fill to volume with ethanol.
-For 8 samples:
Measure 12 g of pyrogallol into a 200 mL volumetric flask. Fill to volume with ethanol.
Sodium chloride (10 g/L)
-Measure 10 g of sodium chloride into a 1000 mL volumetric flask. Fill to volume with distilled
water.
Hexane/ethyl acetate (9/1)
-Add 50 mL ethyl acetate to a 500 mL volumetric flask. Fill to volume with hexane.
Hexadecane/Hexane (1%)
Add 1 mL HPLC-grade hexadecane to a 100 mL volumetric flask. Fill to volume with hexane.
Isopropyl alcohol in hexane (1%)
-Add 5 mL isopropyl alcohol to a 500 mL volumetric flask. Fill to volume with hexane.
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APPENDIX B: RIBOFLAVIN EXTRACTION METHOD FOR NDM
Source: N. K. Hall et al. Antioxidant mechanisms of Trolox and ascorbic acid on the oxidation of
riboflavin in milk under light. Food Chemistry, 2010.
1. Weigh 2.1 grams of NDM into a 50 mL Erlenmeyer flask and record weight. Avoid
getting powder onto the sides and top of the flask.
2. Add 39x9mm stir bar and tare the flask. Add about 7-10 mL of water. Put flask on stir
plate. Move the flask around to make sure that all of the powder gets wet. Spray down the
sides of the flask and continue adding water and stirring until approximately 17.5 g of
water is added. Record the weight of added water.
3. Leave on the stir plate until homogenous. Repeat with other samples.
4. Using a 5 mL pipette, continue to mix the milk sample. Pipette 10 mL of milk sample
into a 125 mL Erlenmeyer flask. Record weight.
5. Add 20 mL of 3% metaphosphoric acid to each sample. Swirl gently.
6. Add 50 mL of distilled water to each sample. Swirl gently.
7. Allow precipitate to settle. Using a 0.2 μm filter, filter ~2mL of supernatant into an
HPLC vial.
Reagents:
3% Metaphosphoric acid:
-Add 15 g of metaphosphoric acid to a 500 mL volumetric flask. Fill to volume with distilled
water
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APPENDIX C: STANDARD CURVES
Vitamin A:
Dilution 1 μg/mL all-trans retinol powder, injection volumes 8-40 μL
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Riboflavin:
Dilution 1 μg/mL riboflavin, injection volumes 2-26 μL, combined with data from 0.1 μg/mL
with injection volumes of 2-26 μL
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APPENDIX D: MANUSCRIPT #1: ADDITIONAL TABLES AND FIGURES
Table 2: Percent vitamin A (in RAE1) retained after two weeks, by antioxidant
After 14 days of storage at 50 °C
Treatment

%RAE Retained ±SE

Mean 95% CI

P-value

Treatment

%RAE Retained ±SE

Mean %95 CI

P-value

AA+BHT

79.21±11.53a

(48.04, 100.02)

0.999

AA+PG

24.37±12.21bc

(14.35, 41.37)

<0.001*

BHT

68.35±11.62ab

(41.30, 100.02)

0.350

AA

23.89±12.02c

(14.19, 40.23)

<0.001*

AA+BHA

41.09±12.21abc

(24.20, 69.77)

<0.001*

AA+TOC

22.24±12.21c

(13.10, 37.77)

<0.001*

AA+TBHQ

36.30±11.58abc

(21.97, 59.96)

<0.001*

BHA

18.16±12.21c

(10.70, 30.83)

<0.001*

TBHQ

32.19±11.79abc

(19.31, 53.68)

<0.001*

Control

17.64±12.21c

(10.39, 29.94)

<0.001*

TOC

27.29±12.21bc

(16.07, 46.34)

<0.001*

PG

16.83±12.21c

(9.91, 28.57)

<0.001*

1

Retinol Activity Equivalents (RAE)
Truncated to 100.00%
a-c
Different superscript letters indicate significant differences (P<0.05)
*Significant p-values indicate retention values significantly different from 100% (P<0.05)
2
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Figure 9: Adjusted vitamin A data over two weeks at 50 °C with 95% confidence intervals
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Figure 10: Proportion of 13-cis retinol present in antioxidant-treated and control nonfat dry milk
over two weeks at 50 °C, grouped by trends

Figure 10. Proportion of 13-cis retinol present in antioxidant-treated and control
nonfat dry milk over two weeks at 50°C. Percent of total was calculated by
dividing the μg of 13-cis by the total μg of all retinol isomers in each sample. Lascorbic acid (AA), propyl gallate (PG), α-tocopherol (TOC), butylated
hydroxyanisole (BHA), tertiary butyl-hydroquinone (TBHQ), and butylated
hydroxytoluene (BHT) were the antioxidants added.
(A) U-shape
(B) Linear increase
(C) Linear decline
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Figure 11: USDA FAS (2012): US milk powder production by type; market years 1983-2012
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Table 3: USDA FAS (2012): United States milk powder production by year, market years 1964present
Commodity Description

Market Year

Metric Tons (x1000)

Dairy, Milk, Nonfat Dry

1964

2

Dairy, Milk, Nonfat Dry

1965

19

Dairy, Milk, Nonfat Dry

1966

190

Dairy, Milk, Nonfat Dry

1967

762

Dairy, Milk, Nonfat Dry

1968

723

Dairy, Milk, Nonfat Dry

1969

659

Dairy, Milk, Nonfat Dry

1970

655

Dairy, Milk, Nonfat Dry

1971

644

Dairy, Milk, Nonfat Dry

1972

554

Dairy, Milk, Nonfat Dry

1973

416

Dairy, Milk, Nonfat Dry

1974

463

Dairy, Milk, Nonfat Dry

1975

451

Dairy, Milk, Nonfat Dry

1976

420

Dairy, Milk, Nonfat Dry

1977

502

Dairy, Milk, Nonfat Dry

1978

417

Dairy, Milk, Nonfat Dry

1979

412

Dairy, Milk, Nonfat Dry

1980

526

Dairy, Milk, Nonfat Dry

1981

596

Dairy, Milk, Nonfat Dry

1982

635

Dairy, Milk, Nonfat Dry

1983

680

Dairy, Milk, Nonfat Dry

1984

526

Dairy, Milk, Nonfat Dry

1985

630

Dairy, Milk, Nonfat Dry

1986

582

Dairy, Milk, Nonfat Dry

1987

480

Dairy, Milk, Nonfat Dry

1988

444

Dairy, Milk, Nonfat Dry

1989

397

Dairy, Milk, Nonfat Dry

1990

399

Dairy, Milk, Nonfat Dry

1991

398

Dairy, Milk, Nonfat Dry

1992

396

Dairy, Milk, Nonfat Dry

1993

433

Dairy, Milk, Nonfat Dry

1994

558

Dairy, Milk, Nonfat Dry

1995

559

Dairy, Milk, Nonfat Dry

1996

482

Dairy, Milk, Nonfat Dry

1997

552

Dairy, Milk, Nonfat Dry

1998

515

Dairy, Milk, Nonfat Dry

1999

617

Dairy, Milk, Nonfat Dry

2000

659

Dairy, Milk, Nonfat Dry

2001

641

Dairy, Milk, Nonfat Dry

2002

724

Dairy, Milk, Nonfat Dry

2003

721

Dairy, Milk, Nonfat Dry

2004

648

Dairy, Milk, Nonfat Dry

2005

695

Dairy, Milk, Nonfat Dry

2006

686

84

Dairy, Milk, Nonfat Dry

2007

680

Dairy, Milk, Nonfat Dry

2008

859

Dairy, Milk, Nonfat Dry

2009

786

Dairy, Milk, Nonfat Dry

2010

824

Dairy, Milk, Nonfat Dry

2011

889

Dairy, Milk, Nonfat Dry

2012

1000

Dairy, Dry Whole Milk Powder

1983

731

Dairy, Dry Whole Milk Powder

1984

644

Dairy, Dry Whole Milk Powder

1985

711

Dairy, Dry Whole Milk Powder

1986

672

Dairy, Dry Whole Milk Powder

1987

555

Dairy, Dry Whole Milk Powder

1988

565

Dairy, Dry Whole Milk Powder

1989

79

Dairy, Dry Whole Milk Powder

1990

49

Dairy, Dry Whole Milk Powder

1991

76

Dairy, Dry Whole Milk Powder

1992

70

Dairy, Dry Whole Milk Powder

1993

76

Dairy, Dry Whole Milk Powder

1994

78

Dairy, Dry Whole Milk Powder

1995

61

Dairy, Dry Whole Milk Powder

1996

55

Dairy, Dry Whole Milk Powder

1997

65

Dairy, Dry Whole Milk Powder

1998

54

Dairy, Dry Whole Milk Powder

1999

50

Dairy, Dry Whole Milk Powder

2000

19

Dairy, Dry Whole Milk Powder

2001

21

Dairy, Dry Whole Milk Powder

2002

18

Dairy, Dry Whole Milk Powder

2003

19

Dairy, Dry Whole Milk Powder

2004

15

Dairy, Dry Whole Milk Powder

2005

14

Dairy, Dry Whole Milk Powder

2006

14

Dairy, Dry Whole Milk Powder

2007

23

Dairy, Dry Whole Milk Powder

2008

27

Dairy, Dry Whole Milk Powder

2009

32

Dairy, Dry Whole Milk Powder

2010

30

Dairy, Dry Whole Milk Powder

2011

25

85

Brinkmann et al. (1995) K1 and K2 correction constant calculations
Source:
Brinkmann, E., L. Dehne, H. B. Oei, R. Tiebach, and W. Baltes. 1995. Separation of
geometrical retinol isomers in food samples by using narrow-bore High-Performance
Liquid Chromatography. J Chromatogr A. 693(2):271-279.

ACorrected= Aisomer, 325* k1 *k2

Aisomer, 325 = the peak area measured for the isomer at 325 nm
k1= correction constant representing the ratio of the specific extinctions
k2= correction constant representing the ratio of the peak area measured at the maximum
absorption wavelength of the cis-isomers to that at 325 nm

Table 4: Brinkmann et al. cis isomer k1 and k2 correction constants
Isomer

k1

k2

11-cis

1.548

1.054

11,13-di-cis

2.031

1.119

13-cis

1.093

1.013

9,13-di-cis

1.337

--

9-cis

1.248

1.025

7-cis

--

--

All-trans

1.000

1.000
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APPENDIX E: MANUSCRIPT #1: ADDITIONAL LIMITATIONS
Since the NDM was stored at a temperature higher than room temperature in the absence
of other reference temperatures, the amount of degradation seen in the samples cannot be
correlated to samples stored at room temperature. Furthermore, since heat may have an
independent effect from oxidation, the findings of this study can only be applied to nonfat dry
milk stored at 50 °C. Further research is needed to determine the effect of these antioxidants at
ambient temperatures.
Additionally, since the majority of the antioxidants used in this study cannot be legally
used in the United States, the current applicability of these data is limited to research purposes
only. Another limitation present in this study is the lack of replication in the lots. Due to time and
funding restraints, only one lot of milk was used, which limits the inferences that can be made to
other samples.
These data also have the limitation that the samples did not all contain the same amount
of vitamin A following spray drying. Since vitamin A content was not analyzed prior to spraydrying, there is no way to know whether the variation was due solely to natural variation in the
fortification process or if some of the variation was due to the presence or absence of
antioxidants. The different initial concentrations of vitamin A may also act as a confounding
factor if there is a relationship between amount of retinyl palmitate present and rate of
degradation.
Finally, these data are not a true simulation of milk powder as it is produced
commercially due to pasteurization being the only heat pre-treatment applied; in industry a more
severe heat pre-treatment is normal. Furthermore, the milk in this study was not condensed prior
to spray drying, and as a result, it can be expected that these samples would have received a more
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severe heat treatment due to spray drying than commercially produced milk would normally
receive. As a result, inferences cannot be made from these data to milk powder that was
condensed or given a higher heat treatment.
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APPENDIX F: MANUSCRIPT #1: STATISTICAL OUTPUT
options ls=78 pageno=1;
PROC IMPORT OUT= WORK.in
DATAFILE= "C:\SAS\bioag\fsn\jeffries\kurzer\Kurzer Vitamin A NFDM
Part 1 Final.xls"
DBMS=EXCEL REPLACE;
RANGE="Data$";
GETNAMES=YES;
MIXED=NO;
SCANTEXT=YES;
USEDATE=YES;
SCANTIME=YES;
RUN;
data in;set in;
if Moisture=. then delete;
if notebook='29V' then delete;
logtotal=log(Total_VA_Activity__per_gram);
run;
proc mixed data=in;
class Antioxidant Time disha ;
model logtotal=Antioxidant Time Antioxidant*Time;
random disha(Antioxidant Time);
lsmeans Antioxidant*Time/pdiff adjust=tukey cl;
ods output diffs=lsmeans;
run;
data lsmeans;set lsmeans;
if antioxidant=_antioxidant;
percent_retained=exp(-estimate);
percentlower=exp(-adjupper);
percentupper=exp(-adjlower);
run;
proc print data=lsmeans;
var antioxidant time _time estimate percent_retained stderr adjp;
run;
proc sort data=lsmeans;
by time descending percent_retained;
run;
proc print data=lsmeans;
var antioxidant time _time estimate percentlower percent_retained
percentupper stderr adjp;
run;
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The SAS System
1
13:02 Wednesday, December 12, 2012
The Mixed Procedure
Model Information
Data Set
Dependent Variable
Covariance Structure
Estimation Method
Residual Variance Method
Fixed Effects SE Method
Degrees of Freedom Method

WORK.IN
logtotal
Variance Components
REML
Profile
Model-Based
Containment

Class Level Information
Class

Levels

Antioxidant

12

Time
DishA

3
36

Values
AA AA_BHA AA_BHT AA_PG-CA
AA_TBHQ AA_TOC BHA BHT Control
PG-CA TBHQ TOC
0 1 2
AA1 AA2A AA3B AABHA1 AABHA2A
AABHA3B AABHT1 AABHT2A AABHT3B
AAPG1 AAPG2A AAPG3B AATBHQ1
AATBHQ2A AATBHQ3B AATOC1
AATOC2A AATOC3B BHA1 BHA2A
BHA3B BHT1 BHT2A BHT3B
Control1 Control2A Control3B
PG1 PG2A PG3B TBHQ1 TBHQ2A
TBHQ3B TOC1 TOC2A TOC3B
Dimensions

Covariance Parameters
Columns in X
Columns in Z
Subjects
Max Obs Per Subject

2
52
60
1
208

Number of Observations
Number of Observations Read
Number of Observations Used
Number of Observations Not Used
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208
208
0

The SAS System
2
13:02 Wednesday, December 12, 2012
The Mixed Procedure
Iteration History
Iteration

Evaluations

-2 Res Log Like

Criterion

0
1
2

1
2
1

-215.73440741
-240.93357649
-240.93370323

0.00000045
0.00000000

Convergence criteria met.
Covariance Parameter Estimates
Cov Parm

Estimate

DishA(Antioxid*Time)
Residual

0.007127
0.008430

Fit Statistics
-2 Res Log Likelihood
AIC (smaller is better)
AICC (smaller is better)
BIC (smaller is better)

-240.9
-236.9
-236.9
-232.7

Type 3 Tests of Fixed Effects
Effect

Num
DF

Den
DF

F Value

Pr > F

11
2
22

24
24
24

96.99
713.80
11.73

<.0001
<.0001
<.0001

Antioxidant
Time
Antioxidant*Time

Least Squares Means
Effect

Antioxidant

Time

Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time

AA
AA
AA
AA_BHA
AA_BHA
AA_BHA
AA_BHT

0
1
2
0
1
2
0

Estimate

Standard
Error

DF

t Value

1.0902
0.6409
-0.3414
2.1181
1.8477
1.2287
1.8835

0.09968
0.07787
0.06715
0.09968
0.07049
0.07049
0.09968

24
24
24
24
24
24
24

10.94
8.23
-5.08
21.25
26.21
17.43
18.90
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The Mixed Procedure
Least Squares Means

Effect

Antioxidant

Time

Estimate

Standard
Error

DF

t Value

Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time

AA_BHT
AA_BHT
AA_PG-CA
AA_PG-CA
AA_PG-CA
AA_TBHQ
AA_TBHQ
AA_TBHQ
AA_TOC
AA_TOC
AA_TOC
BHA
BHA
BHA
BHT
BHT
BHT
Control
Control
Control
PG-CA
PG-CA
PG-CA
TBHQ
TBHQ
TBHQ
TOC
TOC
TOC

1
2
0
1
2
0
1
2
0
1
2
0
1
2
0
1
2
0
1
2
0
1
2
0
1
2
0
1
2

1.3468
0.4715
1.8920
1.7287
1.6590
1.9365
1.5366
0.9231
1.3064
0.7460
-0.1968
1.6995
1.0669
-0.00645
1.8540
1.3123
0.07191
1.2008
0.7258
-0.5345
1.7896
1.5490
1.4090
1.6895
1.2993
0.5560
1.5865
1.1518
0.2879

0.07049
0.07049
0.09127
0.07049
0.07049
0.09388
0.07049
0.06775
0.09968
0.07049
0.07049
0.09968
0.06775
0.07049
0.09968
0.06834
0.07049
0.09968
0.06775
0.07049
0.09237
0.07049
0.07049
0.09609
0.06918
0.06834
0.09968
0.06715
0.07049

24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24

19.11
6.69
20.73
24.53
23.54
20.63
21.80
13.62
13.11
10.58
-2.79
17.05
15.75
-0.09
18.60
19.20
1.02
12.05
10.71
-7.58
19.37
21.98
19.99
17.58
18.78
8.14
15.92
17.15
4.08

Effect

Antioxidant

Time

Pr > |t|

Alpha

Lower

Upper

Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time

AA
AA
AA
AA_BHA
AA_BHA
AA_BHA
AA_BHT
AA_BHT
AA_BHT
AA_PG-CA
AA_PG-CA

0
1
2
0
1
2
0
1
2
0
1

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

0.8845
0.4802
-0.4800
1.9123
1.7022
1.0833
1.6778
1.2013
0.3261
1.7037
1.5833

1.2960
0.8016
-0.2028
2.3238
1.9932
1.3742
2.0893
1.4923
0.6170
2.0804
1.8742

Least Squares Means
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The Mixed Procedure
Least Squares Means
Effect

Antioxidant

Time

Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time
Antioxidant*Time

AA_PG-CA
AA_TBHQ
AA_TBHQ
AA_TBHQ
AA_TOC
AA_TOC
AA_TOC
BHA
BHA
BHA
BHT
BHT
BHT
Control
Control
Control
PG-CA
PG-CA
PG-CA
TBHQ
TBHQ
TBHQ
TOC
TOC
TOC

2
0
1
2
0
1
2
0
1
2
0
1
2
0
1
2
0
1
2
0
1
2
0
1
2

Pr > |t|

Alpha

Lower

Upper

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0101
<.0001
<.0001
0.9278
<.0001
<.0001
0.3178
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0004

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

1.5135
1.7428
1.3912
0.7832
1.1006
0.6005
-0.3423
1.4938
0.9270
-0.1519
1.6483
1.1713
-0.07357
0.9950
0.5860
-0.6800
1.5990
1.4036
1.2635
1.4911
1.1565
0.4150
1.3808
1.0132
0.1424

1.8045
2.1303
1.6821
1.0629
1.5121
0.8915
-0.05130
1.9052
1.2067
0.1390
2.0597
1.4534
0.2174
1.4065
0.8657
-0.3890
1.9802
1.6945
1.5545
1.8878
1.4421
0.6971
1.7923
1.2904
0.4334
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O
b
s
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

A
n
t
i
o
x
i
d
a
n
t
AA_PG-CA
AA_PG-CA
PG-CA
AA_BHA
PG-CA
TBHQ
AA_TBHQ
TOC
AA
Control
AA_BHT
BHT
AA_TOC
BHA
AA_BHA
AA_TBHQ
TBHQ
TOC
AA_BHT
AA
AA_TOC
BHA
Control
BHT
AA_PG-CA
PG-CA
AA_TBHQ
AA_BHA
TBHQ
TOC
AA_BHT
AA_TOC
AA
BHA
BHT
Control
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T
i
m
e

_
T
i
m
e

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1
1
1
1
1

1
2
1
1
2
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

E
s
t
i
m
a
t
e
0.1633
0.2331
0.2405
0.2704
0.3806
0.3901
0.3999
0.4347
0.4493
0.4749
0.5367
0.5417
0.5604
0.6326
0.8893
1.0134
1.1334
1.2986
1.4120
1.4316
1.5032
1.7059
1.7353
1.7821
0.06976
0.1401
0.6136
0.6190
0.7433
0.8640
0.8753
0.9428
0.9823
1.0733
1.2404
1.2603

p
e
r
c
e
n
t
l
o
w
e
r

p
e
r
c
e
n
t
_
r
e
t
a
i
n
e
d

p
e
r
c
e
n
t
u
p
p
e
r

S
t
d
E
r
r

A
d
j
p

0.51512
0.48041
0.47504
0.44945
0.41296
0.40512
0.40297
0.38448
0.36869
0.36878
0.34434
0.34447
0.33629
0.31498
0.24203
0.21971
0.19306
0.16073
0.14351
0.14188
0.13100
0.10696
0.10386
0.09912
0.60532
0.56423
0.35434
0.34952
0.31193
0.27635
0.27050
0.25284
0.23975
0.22374
0.18898
0.18558

0.84933
0.79210
0.78620
0.76311
0.68345
0.67696
0.67040
0.64746
0.63806
0.62192
0.58465
0.58177
0.57099
0.53120
0.41094
0.36297
0.32192
0.27290
0.24365
0.23892
0.22243
0.18160
0.17635
0.16829
0.93262
0.86931
0.54141
0.53850
0.47554
0.42149
0.41675
0.38955
0.37445
0.34187
0.28927
0.28356

1.40038
1.30602
1.30117
1.29566
1.13111
1.13121
1.11533
1.09032
1.10425
1.04883
0.99266
0.98253
0.96946
0.89584
0.69772
0.59962
0.53679
0.46335
0.41369
0.40234
0.37765
0.30834
0.29942
0.28573
1.43688
1.33934
0.82726
0.82967
0.72496
0.64286
0.64209
0.60018
0.58483
0.52236
0.44278
0.43326

0.1153
0.1153
0.1162
0.1221
0.1162
0.1184
0.1174
0.1202
0.1265
0.1205
0.1221
0.1209
0.1221
0.1205
0.1221
0.1158
0.1179
0.1221
0.1221
0.1202
0.1221
0.1221
0.1221
0.1221
0.09968
0.09968
0.09777
0.09968
0.09725
0.09735
0.09968
0.09968
0.1028
0.09777
0.09818
0.09777

0.9998
0.9698
0.9611
0.9256
0.3504
0.3406
0.2868
0.2019
0.2256
0.1112
0.0440
0.0367
0.0291
0.0067
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
1.0000
0.9998
0.0006
0.0007
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
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APPENDIX G: MANUSCRIPT #2: ADDITIONAL TABLES AND FIGURES
Figure 12: Milk powder collection and sample containers

A

Figure 12. Milk powder collection and sample
containers.
A- HDPE bottle used during collection. Selected
for the width of the opening, which matches the
size of the opening on the spray dryer (60 mm)
B- Sample jar with filter paper liner
C- Sample jar with canning lid

B

C
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Vitamin A:

APPENDIX H: MANUSCRIPT #2: STATISTICAL OUTPUT

PROC IMPORT OUT= WORK.in
DATAFILE= "C:\SAS\bioag\fsn\jeffries\kurzer\part2\Kurzer NFDM Vit
A - Study Part 2 Data for Sigma Plot 2-14-13.xls"
DBMS=EXCEL REPLACE;
RANGE="'Vitamin A$'";
GETNAMES=YES;
MIXED=NO;
SCANTEXT=YES;
USEDATE=YES;
SCANTIME=YES;
RUN;
*Analyst Lot Bottle Time__Weeks_ Antioxidant_Content____or_STD_
Sample_ID_____Page__ Total_Vit_A_Activity__per_gram;
proc freq data=in;
tables Lot Time__Weeks_ Antioxidant_Content____or_STD_
Total_Vit_A_Activity__per_gram;
run;
data good;set in;
if Antioxidant_Content____or_STD_="Church STD" then delete;
if Time__Weeks_='Fluid' then delete;
if Total_Vit_A_Activity__per_gram=. then delete;
time=time__weeks_+0;
time2=time*time;
run;
proc mixed data=good;
class lot time__weeks_ Antioxidant_Content____or_STD_;
model Total_Vit_A_Activity__per_gram=time__weeks_
Antioxidant_Content____or_STD_ time__weeks_*Antioxidant_Content____or_STD_;
random lot;
run;
proc mixed data=good;
class lot Antioxidant_Content____or_STD_ time__weeks_;
model Total_Vit_A_Activity__per_gram=time time2
Antioxidant_Content____or_STD_
time*Antioxidant_Content____or_STD_ time2*Antioxidant_Content____or_STD_;
random lot;
lsmeans Antioxidant_Content____or_STD_;
run;
proc mixed data=good;
class lot Antioxidant_Content____or_STD_ time__weeks_;
model Total_Vit_A_Activity__per_gram=time time2
Antioxidant_Content____or_STD_/solution;
random lot;
lsmeans Antioxidant_Content____or_STD_/pdiff adjust=tukey;
estimate 'AA+BHA 0' intercept 1 time 0 time2 0 Antioxidant_Content____or_STD_
1 /cl;
estimate 'AA+PG 0' intercept 1 time 0 time2 0 Antioxidant_Content____or_STD_
0 1/cl;
estimate 'Control 0' intercept 1 time 0 time2 0
Antioxidant_Content____or_STD_ 0 0 1/cl;
estimate 'PG 0' intercept 1 time 0 time2 0 Antioxidant_Content____or_STD_ 0 0
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0 1/cl;
run;
The SAS System

10:11 Monday, March 11, 2013

The Mixed Procedure
Model Information
Data Set
Dependent Variable

WORK.GOOD
Total_Vit_A_Activity__
per_gram
Variance Components
REML
Profile
Model-Based
Containment

Covariance Structure
Estimation Method
Residual Variance Method
Fixed Effects SE Method
Degrees of Freedom Method

Class Level Information
Class

Levels

Lot
Antioxidant_Content____or_STD_
Time__Weeks_

2
4
8

Values
Alpha Beta
AA+BHA AA+PG Control PG
0 1 2 4 6 8 10 12

Dimensions
Covariance Parameters
Columns in X
Columns in Z
Subjects
Max Obs Per Subject

2
7
2
1
239

Number of Observations
Number of Observations Read
Number of Observations Used
Number of Observations Not Used

239
239
0

Iteration History
Iteration

Evaluations

-2 Res Log Like

Criterion

0
1

1
1

1064.74642229
661.88750030

0.00000000

Convergence criteria met.
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The Mixed Procedure
Covariance Parameter
Estimates
Cov Parm

Estimate

Lot
Residual

7.8638
0.8370

Fit Statistics
-2 Res Log Likelihood
AIC (smaller is better)
AICC (smaller is better)
BIC (smaller is better)

661.9
665.9
665.9
663.3

Solution for Fixed Effects

Effect
Intercept
time
time2
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_

Antioxidant
Content
(or STD)

Estimate

Standard
Error

DF

t Value

Pr > |t|

AA+BHA
AA+PG
Control
PG

10.1913
0.03566
-0.01033
0.01158
-0.1233
-0.5488
0

1.9890
0.05784
0.004844
0.1693
0.1640
0.1693
.

1
232
232
232
232
232
.

5.12
0.62
-2.13
0.07
-0.75
-3.24
.

0.1227
0.5381
0.0340
0.9455
0.4530
0.0014
.

Type 3 Tests of Fixed Effects
Effect
time
time2
Antioxidant_Content_

Num
DF

Den
DF

F Value

Pr > F

1
1
3

232
232
232

0.38
4.55
4.74

0.5381
0.0340
0.0031

Estimates
Label
Upper
AA+BHA 0
AA+PG 0
Control 0
PG 0

Estimate

Standard
Error

DF

t Value

Pr > |t|

10.2029
10.0680
9.6426
10.1913

1.9892
1.9892
1.9893
1.9890

232
232
232
232

5.13
5.06
4.85
5.12

<.0001
<.0001
<.0001
<.0001
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Alpha
0.05
0.05
0.05
0.05

Lower
6.2837
6.1487
5.7232
6.2725

14.1222
13.9873
13.5619
14.1102
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The Mixed Procedure
Least Squares Means

Effect

Antioxidant
Content
(or STD)

Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_

AA+BHA
AA+PG
Control
PG

Estimate

Standard
Error

DF

t Value

Pr > |t|

9.9777
9.8428
9.4173
9.9661

1.9866
1.9862
1.9866
1.9864

232
232
232
232

5.02
4.96
4.74
5.02

<.0001
<.0001
<.0001
<.0001

Differences of Least Squares Means

Effect
|t|
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_

Antioxidant
Content
(or STD)

Antioxidant
Content
(or STD)

Estimate

Standard
Error

AA+BHA
AA+BHA
AA+BHA
AA+PG
AA+PG
Control

AA+PG
Control
PG
Control
PG
PG

0.1349
0.5604
0.01158
0.4255
-0.1233
-0.5488

0.1663
0.1714
0.1693
0.1663
0.1640
0.1693

DF
232
232
232
232
232
232

t Value
0.81
3.27
0.07
2.56
-0.75
-3.24

Differences of Least Squares Means

Effect

Antioxidant
Content
(or STD)

Antioxidant
Content
(or STD)

Adjustment

Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_

AA+BHA
AA+BHA
AA+BHA
AA+PG
AA+PG
Control

AA+PG
Control
PG
Control
PG
PG

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
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Adj P
0.8492
0.0068
0.9999
0.0538
0.8759
0.0074

Pr >
0.4181
0.0012
0.9455
0.0111
0.4530
0.0014

Riboflavin:

PROC IMPORT OUT= WORK.in
DATAFILE= "C:\SAS\bioag\fsn\jeffries\kurzer\part2\Milk Riboflavin Data for
Stats 2-8-13.xls"
DBMS=EXCEL REPLACE;
RANGE="'NFDM Main Study Data$'";
GETNAMES=YES;
MIXED=NO;
SCANTEXT=YES;
USEDATE=YES;
SCANTIME=YES;
RUN;
*Analyst Lot Bottle Time__Weeks_ Antioxidant_Content____or_STD_
Sample_ID_____Page__ mg_Riboflavin_100_g_powder_Dry_w;
data good;set in;
if Time__Weeks_='Fluid' then delete;
if Antioxidant_Content____or_STD_='Church STD' then delete;
if mg_Riboflavin_100_g_powder_Dry_w=. then delete;
time=Time__Weeks_+0;
run;
proc mixed data=good;
class lot Antioxidant_Content____or_STD_ time__weeks_;
model mg_Riboflavin_100_g_powder_Dry_w=time Antioxidant_Content____or_STD_;
random lot;
lsmeans Antioxidant_Content____or_STD_/pdiff adjust=tukey;
estimate 'AA+BHA 0' intercept 1 time 0 Antioxidant_Content____or_STD_ 1 /cl;
estimate 'AA+PG 0' intercept 1 time 0 Antioxidant_Content____or_STD_ 0 1/cl;
estimate 'Control 0' intercept 1 time 0 Antioxidant_Content____or_STD_ 0 0
1/cl;
estimate 'PG 0' intercept 1 time 0 time2 0 Antioxidant_Content____or_STD_ 0 0
0 1/cl;
run;
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The Mixed Procedure
Model Information
Data Set
Dependent Variable

WORK.GOOD
mg_Riboflavin_100_
g_powder_Dry_w
Variance Components
REML
Profile
Model-Based
Containment

Covariance Structure
Estimation Method
Residual Variance Method
Fixed Effects SE Method
Degrees of Freedom Method

Class Level Information
Class

Levels

Lot
Antioxidant_Content____or_STD_
Time__Weeks_

2
4
8

Values
Alpha Beta
AA+BHA AA+PG Control PG
0 1 2 4 6 8 10 12

Dimensions
Covariance Parameters
Columns in X
Columns in Z
Subjects
Max Obs Per Subject

2
6
2
1
182

Number of Observations
Number of Observations Read
Number of Observations Used
Number of Observations Not Used

182
182
0

Iteration History
Iteration

Evaluations

-2 Res Log Like

Criterion

0
1

1
1

-335.07204518
-351.47351216

0.00000000

Convergence criteria met.
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The Mixed Procedure
Covariance Parameter
Estimates
Cov Parm

Estimate

Lot
Residual

0.002245
0.006926

Fit Statistics
-2 Res Log Likelihood
AIC (smaller is better)
AICC (smaller is better)
BIC (smaller is better)

-351.5
-347.5
-347.4
-350.1

Type 3 Tests of Fixed Effects
Effect
time
Antioxidant_Content_

Num
DF

Den
DF

F Value

Pr > F

1
3

176
176

1.31
1.25

0.2544
0.2935

Estimates
Label
AA+BHA 0
AA+PG 0
Control 0
PG 0

Estimate
1.3041
1.2850
1.3179
1.2982

Standard
Error
0.03737
0.03727
0.03723
0.03731

DF
176
176
176
176

t Value
34.90
34.48
35.40
34.79

Pr > |t|
<.0001
<.0001
<.0001
<.0001

Alpha
0.05
0.05
0.05
0.05

Lower
1.2304
1.2114
1.2444
1.2246

Upper
1.3778
1.3585
1.3914
1.3719

Least Squares Means

Effect

Antioxidant
Content
(or STD)

Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_

AA+BHA
AA+PG
Control
PG

Estimate

Standard
Error

DF

t Value

Pr > |t|

1.3150
1.2959
1.3288
1.3091

0.03581
0.03581
0.03563
0.03589

176
176
176
176

36.72
36.19
37.29
36.48

<.0001
<.0001
<.0001
<.0001
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The Mixed Procedure
Differences of Least Squares Means

Effect

Antioxidant
Content
(or STD)

Antioxidant
Content
(or STD)

Estimate

Standard
Error

DF

t Value

Pr > |t|

Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_

AA+BHA
AA+BHA
AA+BHA
AA+PG
AA+PG
Control

AA+PG
Control
PG
Control
PG
PG

0.01911
-0.01379
0.005862
-0.03290
-0.01325
0.01965

0.01767
0.01711
0.01776
0.01727
0.01786
0.01733

176
176
176
176
176
176

1.08
-0.81
0.33
-1.91
-0.74
1.13

0.2811
0.4213
0.7417
0.0584
0.4593
0.2584

Differences of Least Squares Means

Effect

Antioxidant
Content
(or STD)

Antioxidant
Content
(or STD)

Adjustment

Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_
Antioxidant_Content_

AA+BHA
AA+BHA
AA+BHA
AA+PG
AA+PG
Control

AA+PG
Control
PG
Control
PG
PG

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
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Adj P
0.7015
0.8515
0.9875
0.2295
0.8801
0.6691

APPENDIX I: ANTIOXIDANTS AND VITAMINS
Table 4: Antioxidants and vitamins used in manuscripts #1 and #2 and their sources
Supplier Code

Content

Concentration

Kemin Enhance A133

Propyl gallate,
Citric acid,
Propylene glycol
Butylated hydroxyanisole (BHA),
Soybean oil

20% wt/wt PG,
1% Citric acid

Kemin Enhance A109S

Butylated hydroxytoluene (BHT),
Soybean oil

20% wt/wt BHT

Kemin Enhance A131

Tertiary butyl hydroquinone,
Propylene glycol

28% wt/wt TBHQ

DSM dl-α-Tocopherol

dl-α-Tocopherol USP-FCC grade

1g= 1100 IU Vitamin E

Kemin Enhance A127S

20% wt/wt BHA

DSM Ascorbic Acid Fine L-ascorbic Acid, USP-FCC grade
Powder

USP Grade

DSM Vitamin A
Palmitate 1.7 MIU/g

Retinyl palmitate, USP-FCC grade

DSM Liquid Vitamin D3
in corn oil

Cholecalciferol, USP-FCC grade

Minimum 1,700,000 IU
vitamin A palmitate per
g
Minimum 1,000,000 IU
vitamin D3 per gram

Antioxidants kindly provided as samples by Kemin.
DSM Vitamins provided as samples by Royal DSM.
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